
JOURNAL 


OF 

BACTERIOLOGY 

I 


VOLUME 5G 


BALTIMORE, MD 
1948 




CONTENTS 


No 1, Jui.T, 1918 

Biochemical Mutnnta of Bactcnnl Viruses M DclbrQck 1 

The Nutrition of Brucellao Growth in Simple Chemically Defined Media Philipp 
Gerhardt and J B Wilson 17 

Studies on the Anaerobic Micrococci I Taxonomic Considerations Edward L 
Foubert, Jr , and H C Dougins 25 

Studies on the Anaerobic ^Lcrococcl II The Fermentation of Lactate by Micro- 
coccus lactilyltcus Edward L Foubert, Jr , and H C Dougins 36 

The Microbactcnn I Morphological and Physiological Characteristics Raymond 
N Doctsch and Michael J Pclcrar, Jr 37 

The Role of Peroxide in the Biological Effects of Irradiated Broth Orville Wjss, J 
Bennett Clark, Felix Haas, and Wilson S Stone 61 

The Effect of Human Scrum on the Dilution Bionssay of Penicillins G, X, and K 
Harry Eagle and Harold A Tucker 69 

Ongin of Bacterial Resistance to Antibiotics M Demcrec 63 

The Action of Penicillin on Staphylococcus Further Observations on the Effect of 
Short Exposure Robert F Parker and Sarah Lusc 76 

Pancreatic Digest Chocolate Blood Agar for the Isolation of the Gonococcus Mane 
L Koch 83 

Growrth of the Coli-Acrogcncs Group in the Presence of Isocitrato Stewart A Koser 
and George J Knsni 89 

"itamin Deficiencies of Soxen Strains of Ectothnx, Large spored Tnchophytons Iso- 
lated from Man and Cattle Juan E Mackinnon and Ricardo C Artagaveytia- 
AJlcndo 01 

Factors Influencing the Production of Tetanus Toxin Gaseous Products of Growth J 
Howard Mueller, Pauline A Miller, and Edwin M Lerncr 97 

Cytochemical Mechamsms of Penicillin Action VII Effects on Activity of Alkabne 
Phosphatase Jean Dufrenoy and Robertson Pratt 99 

The Utilisation of Carbon Compounds by Some Aclinomycetalcs as an Aid for Species 
Determination T G Pridham and David Gottlieb 107 

Growth and Assimilation in Cultures of Saccharomyces ccremsiac Wilbur H Swanson 
and C E Clifton 116 

The Influence of Certain Substances on the Activity of Streptomycin III Differen- 
tial Effects of Various Electrolytes on the Action of Streptomycin R Donovick, 

A P Bayan, P Canales, and F Pansy 125 

The Inhibiting Effect of Normal Serum and Its Gamma Globulin Fraction upon the 
Variation of Staphylococcus aureus B F Hoerlein 139 

Note 

Thermophilic Fermentation of Cellulose in Wood George J Hajny, C H Gardner, 
George J Ritter, and Elizabeth McCoy 141 

No 2, August, 1948 

Nonspecific Antistreptolysin Reactions and Serum (or Pleural-Exudate) Cholesterol 

Thorolf Packaldn 143 

A Method for Investigating Large Microbial Populations for Antibiotic Activity 
Albert Kelner 167 

The Nutntional Requirements of Treponemata I Arginine, Acetic Acid, Sulfur- 
containing Compounds, and Serum Albumin as Essential Growth-promoting Fac- 
tors for the Reiter Treponeme Harry Eagle and Harry G Steinman 163 

A Quantitative Analysis of the Resistance of Mycobacteria to Streptomycin Diran 
Yegian and Robert J Vanderlinde 177 


111 



IV 


CONTENTS 


187 


191 


19i, 


The Endotoxin of Pasieurella pseudotuberculosis A S Lazarus and M M Nozawa 
The Partial Punfication of Staphylocoagnlase and the Effect of Certain Presumptive 
Inhibitors upon Its Plasma-coagulating Action Burnham S Walker, Matthew 
A Derow, and Norwood K Schaffer 

The Effects of Lysolecithin on the Growth of Lactobacillus caset in Relation to Biotin, 
Pantothemc Acid, and Fat soluble Materials with Biotin Activity William 
Trager 

The Serial Passage of Mixtures of Different Strains of Influenza Virus in Embiyonated 
Eggs and in Mice John Y Sugg and Thomas P Magill 
Observations on Bactena Sensitive to. Resistant to, and Dependent upon Strepto- 
mj^cin Tom Fite Paine, Jr , and Maxwell Finland 207 

Unidentified Nutrients in Tetanus Toxin Production J Howard Mueller and Pauline 
A Miller 

The Effect of “Tween 80,” Bovine Albumin, Glycerol, and Glucose on the Growth of 
Mycobacterium tuberculosis var hominis (H37Rv) Theodore H Sattler and Guy 
P Youmans 

The Effect of “Tween 80” in Vitro on the Bacteriostatic Activity of Twenty Com 
poxmdstoT Mycobacterium tuberculosis AnneS Youmans and Guy P Youmans 
The Reversal of Benzimidazole Inhibition of Growth by Nucleic Acid I M Klotz and 
Margaret Mellody 
Note 

Growth Inhibition of the H37 Strain of Human Tubercle Bacilb by )8-2-Thienylalamne 
and Its Prevention by Phenj lalanine W F Drea 


20 . 


219 


235 


245 


253 


267 


No 3, Septembeb, 1948 


Selman A Waksman, H 


Strepiomyces griseus (Krainsky) Waksman and Hennci 
Chnstine Reilly, and Dale A Hams 

The Respiration of SaZmoneffa in the Presence of Agglutinating Serum J 0 Harris 

The Effect of pH upon the Bacteriostatic Activity of Certain Nitrophenols Philip B 
Cowles and Irving M Klotz 

The Production, Assay, and Antibiotic Activity of Actidione, an Antibiotic from 
Streptomyces griseus Alma J Whiffen 

The Relationship of Varicella and Herpes Zoster Electron Microscope Studies 
Geoffrey Rake, Harvey Blank, Lewis L Conell, Fredenck P 0 Nagler, and T F 
McNair Scott 

Observations on Streptomyces griseus II Nitrogen Sources for Growth and Strepto- 
mycin Production Eugene L Dulaney 

Studies on the Phjsiology of a Streptomycin-producing Strain of Streptomyces griseus 
on Proline Medium H Boyd Woodruff and Myrle Ruger 

Studies on the Retention of Hexachlorophene (G-11) in Human Skin W J Fahlberg, 

J C Swan, and C V Seastone 

Anaerobic Formation of Fumanc Acid by the Mold Rhizopus nigricans Jackson W 
Foster and John B Davis 

Evaluation of Precursors for Penicillin G Kesar Singh and Marvin J Johnson 339 

Streptomycin-dependent Bactena in the Identification of Streptomycin-producing 
Microorganisms Robert J Vanderlinde and Diran Yegian 35 

Carbon Assimilation Teats for the Classification of Yeasts Lynferd J Wickerham and 


269 

271 

277 

283 


293 


305 


315 


323 


Kenmt A Burton 

A Smgle Solution Indicator for Anaerobiosis John A Ulnch and Arlene M Larsen 
Mutation to Tryptophan Independence in Eberthella typhosa Mercedes de la Garza 
Curcho 

The Relationship between Prodigiosin Production and Catalase Activity F V 
Crichton and A S Lazarus 


36o 


373 


%V 



CONTLNTb 


No 4, OcTonrn, 191S 

A Bioclicmicil and Serological Studj of a Group of Identical Unidcntifinblo Gram- 
ncgnli\e Bacilli from Human Sources Isabelle G Scliaub and Frank. D Hauber 379 
Further Studies on the Gram Stain Herman Baker and Walter Lyon Bloom 387 

■’ropln lactic Immuniration against Streptococcus sartffuts Erna Alturo-Wcrbor and 
Leo Locnc 391 

Studies on the Bclin\ior of Fungi in the Presence of Radioactive Isotopes I A Pear- 
son, J M Hammer, K E Corrigan, and H S Hayden 397 

he Groi\ til of T2 \ irus on Ultraviolet killed Host Cells Thomas F Anderson 403 

Vntigcmc Relationships of 705 Paracolobactrum tnicrmcdium Cultures C A Stuart, 
Mildred M Galton, and Virpnia McGann 411 

An Unusual Type of O Agglutination C A Stuart, Robert Fcinbcrg, and Richard 
Fcinbcrg 419 

The Effects of Nitrogen Mustard on E'clicrtc/iio cofi Vernon Bryson 423 

Characteristics of Tartrate fermenting Species of Clostridium Joseph Tabachnickand 
Reese H \ aughn 435 

The Isolation of L Ty pc Cultures from Bacteroxdes mth the 'Aid of Penicillin and Their 
Reversion into the Usual Bacilli L Dienes 445 

Mutation in Strcptomyccs Jlaicolus Induced by X rays and Ultravnolct Light Albert 
Kclncr 457 

Strcptomyccs rcncsuclae, N Sp , the Source of Chloromycetin John Ehrlich, David 
Gottlieb, Paul R Burkholder, Lucia E Anderson, and T G Pndham 467 

The Influence of Subculture Media on Results Obtained in Disinfectant Testing F 
W Tillev 479 

Bactcnologic Studies on Aurcomy cm Thomas Fite Paine, Jr , Harv ey Shields Collins, 
and Mawell Finland 489 

PyTuvic Acid Metabolism A Factor Required for Ovadation by Streptococcus faeealts 
D J O’Kanc and I C Gunsalus 499 

Notes 

Note on the Susceptibility of Hemophilus influenzae Type B to Bacitracin Flo- 
rence L Evans 507 

A Satisfactory Medium for the Isolation, Cultivation, and Maintenance of Viability 
of Vi6rio /ctus (Bovnne) I Forest Huddleson 508 

No 5, November, 1948 

Observations on the Growth of Psittacosis Virus in Chorioallantoic Membranes by 
Electron Microscope F Heinmets and O J Golub 509 

Studies on Streptomycin III The Effect of Streptomycin on the Metabolism of 
Resting Bactena and on Certain Purified Enzymes Jane Henry , Richard J 
Henry , Riley D HouseuTight, and Sam Berkman 527 

Factors Influencing Histoplasmin Formation S B Salvun and G A Hottle 541 

The Influence of Sodium Acetate upon the Dissociation of a Strain of Hemolytic Strep- 
tococcus Alice P McDroy , A E Axelrod, and Ralph R Mellon 547 

Studies on Heat Resistance I Increasing Resistance to Heat of Bacterial Spores by 
Selection Franklin L Davis, Jr , and O B Williams 555 

Studies on Heat Resistance II Comparison of Resistance to Heat with Resistance to 
<■ Disinfectants Franklin L Davis, Jr , Orville Wyss, and O B Williams 561 

New Preparation Techniques for the Electron ALcroscopy of Bactena James Hillier, 
Georges Elany SI, and Richard F Baker 569 

The Interdependence of Medium Constituents in Citnc Acid Production by Submerged 
1 Fermentation Ping Shu and Marvin J Johnson 577 

An Unusual Strain of Streptococcus Isolated from Subacute Bactenal Endocarditis 
"J Helen Auerbach and Oscar Felsenfeld 587 



VI 


CONTENTS 


Electron Micrograph Studies of Two Strains of Pleuropneumomahke (L) Organisms of 
Human Derivation William E Smith, James Hillier, and Stuart Mudd 589 

L-Tjrpe Vanation and Bactenal Reproduction by Large Bodies as Seen m Electron 
Micrograph Studies of Bacterotdes funduliformis William E Smith, Stuart Mudd 
and James Hillier ’ 

The Intestinal Microflora of Hens as Influenced by Vanous Carbohydrates in a Biotm- 


deficient Ration K R Johansson, W B Sarles, and Stanley K Shapiro 619 

Bactenal Population Changes in the Ceca of Young Chickens Infected with Etmena 
tenella K R Johansson and W B Sarles 535 

A Comparative Study of the zn Vitro Bacteriostatic Action of Some Simple Denvatives 
of Furan, Thiophene, and Pyrrole William C Ward and Matt C Dodd 649 

The Culture and Physiology of a Thermophihc Cellulose-fermenting Bactenum R 
H McBee 553 

Biochemical Properties of the Toxins of Olosiridtwn novyi and Closlridium hctnolylicum 
R C Bard and L S McClung 085 

Induced Biochemical Mutants of Azoidbacter agilis J L Karlsson and H A Barker 671 
Fungi Capable of Growing in Strongly Acid Media and in Concentrated Copper Sulfate 
Solutions Owen Sletten and C E Skinner 679 

Enzymic Activity of Bactenophage-Culture Lysates I A Capsule Lysin Active 
against Klebsiella pneumoniae Type A James C Humphries 683 

Notes 

Detection of Fermentative Variants with Tetrazolium Joshua Lederberg 695 

Microbiology of Spray-dned, Whole-Egg Powder V Aerobic Mesophilie Spore- 
forming Bacilli Isolated at 55 C Alice J Watson 696 

Properties of Some Colomal Phase Vanants of Corynebaclerium renale E S Feen- 
stra, F Thorp, Jr , and M L Gray 697 


No 6, DEcasMBER, 1948 


The Consequences of Mutation during the Growth of Biochemical Mutants of Escher- 
ichia colt I The Pattern of Adaptation of Histidmeless Cultures Francis J 


Ryan and Lillian K Schneider 699 

Enzymatic Studies on the Mechanism of the Resistance of Pneumococcus to Drugs I 
Studies of the Dehydrogenase Activities of Interrelationships of Pneumococci Sus- 
ceptible and Resistant to Acnflavine, Atabnne, Optochin, Propamidine, and Sul- 
fonamides Joseph S Gots and M G Sevag 709 

Enz3unatic Studies on the Mechamsm of the Resistance of Pneumococcus to Drugs II 
The Inhibition of Dehydrogenase Activities by Drugs, Antagomstic Effects of 
Riboflavin to Inhibitions M G Sevag and Joseph S Gots 723 


Enzymatic Studies on the Mechamsm of the Resistance of Pneumococcus to Drugs 
III Expenmental Results Indicating Alteration in Enzyme Proteins Associated 
with the Development of Resistance to Drugs M G Sevag and Joseph S Gots 
Circulm, an Antibiotic from a Member of the Bacillus circulans Group I Bacten- 
ological Studies Charlotte McLeod 

Morphologic Charactenstics of Certain Cultured Strains of Oral Spirochetes and Trep- 
onema pallidum as Revealed by the Electron Microscope Edward G Hampp, 
David B Scott, and Ralph W G Wyckoff 
The Control of Salmonella Infections in Colonies of Mice Charles A Slanetz 
Tracer Studies on the Role of Acetic Acid and Carbon Dioxide in the Fermentation of 
Lactate by Closlridium lacto acetophilum J V Bhat and H A Barker 
The Nutntional Reqmrements of Clostridium aceticum J L Karlsson, B E Volcam, 
and H A Barker 

Microorgamsms in the Cecal Contents of Rats Fed Vanous Carbohydrates and Fats 
H Nath, V H Barki, W B Sarles, and C A Elvehjem 

An Analysis of the Action of Proflavine on Bactenophage Growth Ruth A C Foster 


737 

749 

755 

771 

777 

781 

783 

795 



CONTFNTS Vll 

Meclnni'^m of Propionic Acid rorninlion bj Propionxbactcnum pcnlosacciim Hugcnc 
V DcIvNichc 811 

Elcctrokinelicnl Studies on B'lctcnnl Surfaces IJ Studies on Surface Lipids, \mpho 
tcric Material, and ''omc Other Surface Properties M T D 3 ar S21 

Index of Authors 835 

Index of Subjects 837 






BIOCHEMICAL MUTANTS OF BACTERIAL VIRUSES' 

M DELBRtJCK 

Caltfomta Insltlutc of Technology, Paiadcna J,, California 
Received for publication January 30, 1948 

T;\ 0 j cars ngo T F Anderson (1945fl) reported the remarkable discovery that 
certain strains of bacterial virus (T4 and TG) require organic substances as co- 
factors for the process of adsorption of the \nrus on the bactenal host strain B of 
EscJicndna colt Trj'ptophan in its h fonn is the substance most active m 
promoting adsorption of phage to bacterium, about 1 jug per ml being sufficient 
for nn\amum cfTect Other substances, like phenjdalamne and tyrosine, and 
several tryptophan analogues arc also active, though only at higher concentra- 
tions (T F Anderson, 19456, 194G) Anderson (1948) has shown that the func- 
tion of the cofaclor is to "activate” the phage particle reversibly, and that phage 
particles actnated in this naj' vail become deactivated in the absence of extra- 
neous cofaclor vath a half-life of the order of one-half minute 
We visli to report some obscn^ations on the mutabihty of phage T4 with 
respect to cofactor requirements, and on certain features throwing additional 
hght on the mechanism of cofactor action 
We vere led to undertake these studies by the desire to have available a 
greater variety of phage mutants for genetic studies in bacterial viruses Luna 
(1945) and Hershey (194Ga,6) have previously described host range and plaque 
morphology mutants of phages, and ve (Delbruck and Bailey, 1946) have re- 
ported on a peculiar transfer of genetic markers from one phage to another 
dunng mixed infections of bacteria mth two different phages Luna (1947) has 
recently analyzed a phenomenon of "reactivation” of irradiated phages m mixed 
infections and has mterpreted his findings on the assumption of a similar transfer 
of genetic material from one phage particle to another For further analysis of 
the mechanisms involved the availability of a greater vanety of mutant types is 
clearly desirable Anderson’s discovery offered the hope of findmg mutations 
with respect to biochemical requirements of the phage 
We have found three clearly distinct mutant types of T4, as follows (1) a type 
requiring no cofactor, (2) a type requiring tryptophan or sinular substances, and 
(3) a type requiring tr 3 qitophan or similar substances and m addition reqmrmg 
Ca++ ions There appears to be some correlation between cofactor requirement 
and plaque morphology Each mutant that does not require a cofactor gives 
small plaques ivith a sharper margin than those of the wild type 
We have also found that indole (and to a lesser extent skatole) inhibits the 
adsorption of the mutants requiring trjqitophan for adsorption 

* The experimental work described in this paper was performed in the Department of 
Biology of Vanderbilt University, Nashville, Tennessee, and it was supported by grants 
from the Rockefeller Foundation and from the John and Mary R Markle Foundation 
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MATERIALS AND METHODS 

Starting Material and Isolation of Mutants 

Anderson noticed the cofactor requirement of phage strains T4 and T6 when 
plating these stocks on petri plates containing a synthetic medium agar ^ On 
these plates the plaque counts of Anderson’s T4 and T6 stocks were much lower 
than on parallel broth plates In going through our stocks of T4 we found that 
stocks made with s3Tithetic media gave very similar plaque counts on synthetic 
medium plates and on broth plates Presumably during the grov'th of these 
stocks a selection of mutants of T4 not lequirmg cofactors had taken place 
However, an old broth stock showed the Anderson phenomenon, a much lower 
plaque count on synthetic medium plates than on broth plates Moreover the 
platings on broth shov ed three distinguishable types of plaque, viz (1) “f,” ivild 
■type, plaques -with fuzzy edge , (2) “s,” plaques with very sharp edge (Hershey, 
1946a,fc), and (3) “r,” plaques ivith clear halo (Hershey, 1946a,5) Several 
plaques of each type were picked and their contents plated out m parallel on F 
and on broth plates Each of the three types bred tiue on subculture (except for 
small proportions of mutants) The s plaques gave the same plaque counts on F 
and on broth, whereas the fuzzy and the r types gave very low or zero plaque 
counts on F plates From broth plates of these stocks s, f, and r plaques were 
picked again and broth stocks were made When these stocks were tested for 
deficiencies again, the s stock was found nondeficient, and the wild-type stock 
and the i were found deficient 


Notation 

We designate each stock obtained from a single plaque and grown in liquid 
medium with a serial number Thus, the three stocks just mentioned wiU be 
called T4,l (s type, nondeficient), T4,2 (f type, deficient), and T4,3 (r type, 
deficient) Such stocks need not be pure stocks They may contain an ad- 
mixture of mutants that arose during the growth of the plaque and during the 
subsequent groiviih of the stock in liquid medium In general this admix-ture of 
mutants viU amount to at most a few per cent Thus, T4,l contains about 
10 per cent vild-type plaques, T4,2 contains about 1 per cent r plaques, and 
T4,3 contains less than 0 1 per cent of mutants giving plaques that are not of the 
r t5qDe In some cases, when a mutation occurred early during the groivth of a 
plaque from which a stock is isolated, the stock may be not even approximately 
pure The stock T4,5, for instance, isolated from a single plaque on a broth 
plate and grown in broth, contained 25 per cent particles adsorbable vath 
tryptophan only, and 75 per cent particles requinng other cofactors besides 
trjqitophan 

- Composition of our synthetic medium (F medium), which is similar to that of T F 
Anderson (1945a), Na lactate 10 g, NH 4 CI 1 g, ICHjPO, 1 5 g, Na^HPOi 3 5 g, MgSOi 0 1 g, 
H;0 (redistilled) 1,000 ml 
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^^casurcmn^l of Adsorpttoti 

Tlic degree to winch sdsorplion lakes place m a gnen mixture of bacteria 
and phage can be determined m £c\cral wajs 

(1) The adsorbed phage can be Bcdimentcd with the bacteria to which it is 
adsorbed and the free phage determined by a plaque count of the supernatant 
The adsorbed fraction is then determined as the difference between the total 
phage and the free phage This method is rather inaccurate when adsorption 
is slight and in such a ease docs not tell more than that the fraction adsorbed was 
less than, saj , 10 per cent of the total 

(2) T F Anderson (19 If a) has found that in cofactoi -requiring stocks the 
adsorbed fraction can be determined directly by plating on the basal medium 
On such plates free phage particles w ill not form plaques, w hereas phage particles 
that were adsorbed to bacteria at the time of plating wall form plaques even 
though no cofactor is added to the plate Presumablj the infected bacteria 
upon Ij’sis jield a proportion of phage particles that are temporarily adsorbable 
without the need of extraneous cofactors The bacteria may contain cofactoi 
substances in sufiicicntlj high concentration to activate the phage particles 
before their release, and a few particles may infect other bacteria on the plate 
before becoming dcactu ated This is a hj^iothetical mechanism , but, whatever 
the mechanism maj be, the fact remains that the plaque count on the basal 
medium plates j lelds a fair measure of the adsorbed fraction of the phage par- 
ticles We w ill cite as an example one experiment in w'hich both of these methods 
were used on the same set of ad'orption tubes (exp 1) 

Experiment 1 Determination oj adsorption by tiro methods 


1 Bj plaque count of free phage (supernatant on broth plates) 

2 Bj plaque count of adsorbed phage (basal medium plates) 



COrACTOSS ADDED TO ADSORPTION TUBE 

DL Typtonhan 

0 2nig/ml 

DL-Phenylalaoinc 

0 2 mg/ml 

N Z case 4 mg/ml 

Isone 


% 

% 

% 

% 

1 

24 

37 

79 

-6 

2 

21 

32 

73 

0 


The second method gives slightly lower values for the adsorbed fraction than 
the first one This means that not every adsorbed particle forms a plaque on 
basal medium plates It is necessary, therefore, to check the second method 
wath the first method for each new stock under investigation This has been 
done for each stock described in this paper In some cases it was found that 
the second method gives values less than 50 per cent of those obtained by the 
first method In such cases also the appearance of the plaques on F agar is very 
poor and the count imcertain and variable Nevertheless the second method 
IS a valuable one, particularly in cases of slight adsorption w here the first method 
yields only qualitative results For the measurements cited here the second 
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method gave at least 50 per cent of the adsorbed fraction For each measure- 
ment cited we will indicate which of the two methods was used 

Measurement of Cofador Adimty 

The function of the cofactors, accordmg to T F Anderson (1948), is to “acti- 
vate” the phage particles, i e , to bnng them into a state in which they can be 
adsorbed by the bactena The word “adsorption” is here used simply to 
designate the fact that phage particle and bactenum form a link that is not 
reversible by dilution or any other known treatment It used to be thought 
that this linkage was analogous to the bonds formed between antigens and anti- 
bodies Anderson’s discovery of cofactor requirements points in a different 
direction It may turn out that adsorption consists not meiely in the formation 
of a static bond, controlled by secondary valencies, but mvolves enzymatic re- 
actions Whatever the mechanism, closer studies of the Icinetics of cofactor- 
controlled activation should help to get a clearer picture of its nature 

Cofactor activity can be demonstrated and titrated by two methods that 
measure the adsorption obtamable under different conditions 

(1) Activation prior to adsorption The cofactor is added to a suspension of 
phage particles, and the mixtiue is incubated to permit the reaction between 
phage and cofactor to come to equilibrium The mixture is then diluted with a 
large volume of bacterial suspension and plated after adsorption Since de- 
activation of the phage particles after dilution is very rapid, only a fraction of 
the activated particles will be adsorbed after dilution The adsorbed fraction 
will depend on the concentration of bacteria m a predictable way T F Ander- 
son (1948) has made ingenious use of this method to prove that deactivation 
proceeds exponentially, like the decay of a radio-active substance The method 
may also be used to determme the dependence on the concentration of cofactor 
of the active fraction of phage at equilibrium In agreement mth Anderson we 
find that the active fraction drops very suddenly to zero when the concentration 
of cofactor is lowered below a certam threshold, characteristic for each cofactor 
(exp 2) 

Ex'penme.ni 2 Activaiion of phage by various concentrations of cofactor (ir-trypiophan) 


Phage and cofactor equilibrated for 30 minutes at 37 C, diluted 1 25 with bacterial SUS' 
pension, plated on basal medium 5 minutes later 


L-IBVTXOpaAN 1 

ADSOsmOU (UETHOD 2) 

M/ml 

% 

2 

5 

1 

2 3 

0 5 

0 8 

0 25 

0 005 

0 125 

0 005 

None 

1 0 004 


The active fraction drops by more than a factor of 100 when the concentration 
of cofactor is lowered from 0 5 /ig per ml to 0 25 pg per ml 
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(2) 'Ic/ii’0fi07i durnig adsorptto7i The acliviLj’' of a cofactor may also be 
demonstrated and titiatcd by adding the cofactor to the adsorption mixture, 
and by measuring the unount of adsorption obtained after a definite length of 
time Under these conditions activation and deactivation of the phage particles 
and adsorption proceed simullancouslj', and the amount of adsorption obtainable 
depends on the rclalne rates of these three processes For this reason the 
measured adsorption is a more indirect measure of activation than that obtained 
by the first method There are actually t\\ o further factors affecting the amount 
of adsorption obtainable bj- this method First, the bacteria inll metabolize 
the cofactor and change its concentration during the course of the exTieriment 
Secondly, while metabolizing the cofactor, the bacteria may produce a substance 
that activclj’' inhibits the activation of the phage particles by the cofactor 
Each of these factors v ould hai e to be n orked out quantitatively before activity 
measurements obtained bj' this method could be translated into terms of inter- 
action between phage particles and cofactor This has not yet been accom- 
plished, and for this reason the activit}'’ measurements obtained by this method 


TABLE 1 

Relative activities of cofactors 


corACroB 

COSCENTiATIOM rOft IlAi? UAXUrUU ADSOimOtl 


Itt/ml 

L-Trj ptoplian 

1 

DL-S Methyl-tryptophan 

14 

DL-Phcn> lalanino 

18 

ir-Tj rosino | 

170 

ni- Norleucine j 

340 


wall not be given in detail Notwithstanding these eomplications, this method is 
a convenient one for a rapid sun'ey of a large number of potential cofactors and 
for a rough companson of their relative activities When the concentration of a 
given cofactor is vaned, a result is obtained sunilar to that with the first method, 
namely, a threshold concentration of cofactor at W’hich a rapid drop in activity 
occurs In table 1 the concentrations of different cofactors are given at which 
half -maximum adsorption is obtained 

The weak activities of t 3 T 0 sme and of norleucine might be suspected as due 
to impurities However, they were rechecked and confirmed ivith highly 
purified samples of different origins 


RESULTS 

The Stock T4,5 

For most of the earlier experiments reported in this paper the stock T4,5 was 
used This stock had been assumed to be reasonably pure since (1) it was 
isolated from a single plaque and (2) since it exhibited no heterogeneity m 
plaque morphology when plated on broth plates 
However, durmg the course of these experiments it became qmte apparent 
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that T4,5 IS inhomogeneous with respect to the very character under investiga- 
tion, VIZ , its cofactor requu-ement Only 25 per cent of the particles of this 
stock were adsorbable on bacteria in a synthetic medium m the presence of any 
amount of tryptophan It could be shovm that this result was not due to any 
sort of kinetic equilibrium between adsorption and desorption, or activation and 
deactivation, but to a true mhomogeneity among the particles of the stock, and 
this mhomogeneity could be used to separate the stock mto fractions of different 
adsorbabihty (exp 3) 


Experiment 3 Fractionation of stock TJf,B 



AJ)SOW»nON (method 2) 


% 

Adsorb T4,5 on B in presence of 4 /ug/ml 


L-tryptophan 

20 

Adsorb supernatant on fresh B in presence of 


4 /xg/ml L-tryptophan 

3 7 


It IS quite apparent from these experiments that the fraction that does not 
respond to the cofactor tr 3 q)tophan must be adsorbable in the presence of some 
other, or some additional, cofactoi, since this fraction is adsorbable in the 
presence of broth Further experiments, involving tests on the contents of 
mdmdual plaques, showed that the character difference here encountered might 
be a hereditary character of sufficient stability to make worth v hile an attempt 
at obtaining pure stocks Consequently, suitable single plaque isolations were 
made, as mdicated below, which led to stocks with the desired properties 

Preparation of Stocks with Different Cofactor Requirements 

(1) A stock of particles adsorbable with tryptophan as the only supplement to 
F medium 

T4,5 was adsorbed on B m the presence of 4 pg per ml n-tryptophan, and 
plated on F plates Under these conditions the nonadsorbable fraction will be 
prevented from forming plaques A single plaque was picked into a suspension 
of bacteria m broth, incubated, and filtered after lysis This is stock T4,ll 

(2) A stock of particles not adsorbable with tryptophan as the only supplement 
to F medium 

T4,5 was adsorbed on B m the presence of 4 pg per ml L-tr 3 q)tophan, as 
above After adsorption the mixture was centrifuged and the supernatant 
plated on broth plates Adsorption and centrifugation lemoved the adsorbable 
fraction, and every plaque represents the progeny of a particle nonadsorbable 
with tryptophan alone One such plaque wms picked into a suspension o 
bacteria in broth, mcubated, and filtered after lysis This is stock T4,12 

The two stocks differ strikingly in their response to tryptophan T4,ll is as 
highly adsorbable wath tryptophan as with broth, whereas T4,12 gives very 
low adsorption with tryptophan but high adsorption with broth The question 
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regarding the nature of the cofactor requirements of T4,12 arises, and this will 
be takeu up next 

Idcnhficalion of the Cofactor Requirements of T4,1S 

At first it Mas assumed that T4,12 icquircs as cofactor an organic compound 
different from triptophan A systematic search was undertaken using the 
customary techniques for identification of the grmvth factor requirements of 
microorganisms An aliquot of the material to be assailed for cofactor activity 
was added to a mixture of bacteria and T4,12, and this mixi-ure vas plated 
after 10 minutes in parallel on F plates and on broth plates High activity was 
shown by broth, N-Z-cisc, 3 cast extract, and acid-h3’’drolyzed yeast extract, 
\cr3' loM actmt}’’ was shown bi' acid-hi'droli'zed casein wath or without a supple- 
ment of Iri ptophan Of the individual ammo acids onl}' tryptophan and phenyl- 
alanine at 25 fig per ml showed a slight activit}’’ A mixture of the known 
vitamins plus acid-hidroli’zcd nucleic acid w’as inactive 


TABLE 2 

Properties of stocks T^,ll and TJf,lS 


COFACTOfiS n? AOSOtmOS TUBE 

1 TITER 

T4 11 

T4 12 

3 X 10» 

3 7 X 10'« 

Adsorption (method 2) 


% 

% 

Broth 

90 

80 

4 /ig/ml trj ptophan 

87 

4 3 

Basal medium 

0 001 

0 001 


Since these findings, as well as several otheis, did not give a clear lead to an 
organic compound, we suspected that an inorganic ion might be involved Of 
these, the ions of Na, K, Mg, Cl, and phosphate could be excluded since they 
are present m our basal medium Since calcium 10ns have been showm to affect 
several phage-bactenal systems, w'e suspected that here too calcium ion might 
be involved This turned out to be correct, as may be seen from the results of 
experiment 4 


Expcnmcnl 4 Adsorption of Ti,lS mth varying amounts of -L-tryptophan and CaCli 

I PtAQOE cotmrs ON BASAL UtllJlUil PLATES 


pg/ml L-TKYPTOPEAN 


;ig/ml CaCls 


0 

8 

32 

128 


0 

0 

0 

74 

373 

851 

513 

71 

419 

565 

565 
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This experiment shows that m the presence of tryptophan, CaClj very much 
increases the number of phage-bactenum complexes capable of plaque formation 
on P agar plates Other tests showed that close to 100 per cent of the phage 
particles form plaques if the medium contains more then 10 /ig per ml of trypto- 
phan and of CaCl 2 each About 30 per cent of the phage particles form plaques 
in the presence of 2 /ig per ml of each of the cofactors 
Experiment 5 was designed to decide whether CaClj is merely an activator of 
a phage-bactenum complex formed mdependently of it or whether it is necessary 
for the adsorption process The experiment shows that Ca+^ is necessary for 
adsorption 


Expenmeni S Adsorption of Ti,lS with and without CaCh 


Adsorption mixtures with and without calcium ions were set up in parallel, and free 
phage was measured after 10 minutes in the usual manner Both adsorption mixtures 
contained 4 iig per ml ii- tryptophan, and one of them contained 4 /ig per ml CaCIi 


IN ADSORPTION TUBE 

ADSOEpnOV (JETHOD 1) 


% 

4 fig/ml L-tryptophan \ 

13 

4 /ig/ml ir-tryptophan plus 4 ng/m\ CaCIj j 

68 


The requirement of T4,12 for Ca+^ is a specific one, m the sense that Ca++ 
cannot be replaced by Mg++ ion, smce the minimal medium used m all the tests 
(F medium) contains 20 pg Mg++ per ml Also the Ca++ requirement of T4,12 
does not constitute a speciahzation of a general reqmrement for divalent cations, 
possibly present m all mutants T4,ll was tested for adsorbabihty in the 
presence of n-tryptophan usmg a modified basal medium m which MgSO< was 
replaced by K 2 SO< This medium contains no divalent cations, but their 
absence did not affect the adsorbabihty of T4,ll 

It is true that for many phages the adsorption process is dependent on the 
presence of electrolytes, and T4 with all the mutants here studied belongs m 
t.bip group In salt-free media no adsorption takes place The salt reqmrement, 
however, is nonspecific with respect to the chemical nature of the ions and hes 
m a concentration range about a thousand tunes higher than the specific Ca"'^ 
reqmrement of T4,12 The unspecific salt reqmrement presumably influences 
the electrostatic properties of the bactena and of the phage particles 

Inhibition of Adsorption by Metabolic Products of Tryptophan 

Tryptophan is a substrate actively metabolized by E coli Therefore, if 
tryptophan is mcubated with bacteria, it will disappear m due course It was 
thought that the cofactor actmty of tryptophan might be used to follow quanti- 
tatively the progress of the disappearance of tryptophan It turned out, how- 
ever, that the bacteria produce from tryptophan a substance or substances that 
actively inhibit the adsorption of the cofactor-reqmrmg phages (exp 6) 
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Expcnmcnt 6 InhbiUon of adsorplton of Ti,lS hy prcincuhalion of baclcna for £ hours 

wilh i no per ml h tryptophan 

A growing culture of B in F medium was divided into tno equal portions, to one of which 
4 Jig per ml L-trj ptoplmn were added, and both cultures were incubated for 2 hours To 
both cultures were then added 4;ig per ml i trj ptoplmn, 4 ;ig per ml CnCli, and T4,12, and 
the adsorption of T4,12 on the bacteria was determined 



ADSO&PTIOH 

urmoD 1 

UETOOD 2 


% 

% 

B premeubated with 4 pg/ml trjpto- 



phan 

20 

4 

Control 

80 

75 


It 13 clear from this experiment that bactena premeubated with tr3T3tophan 
■will not adsorb T4,12 in the presence of more tryptophan and Ca"*^ In expen- 
ment 7 vanous periods of prcincubation itilh trjTitophan were compared 


Experiment 7 Dependence of inhibition on lime of prcincubation with tryptophan 


Tivx OF raiLvoniATios umurcs 

ADsosmos (wnnoD 2) 

0 

% 

86 

6 

58 

15 

9 

30 

4 4 

CO 

4 0 

180 

4 7 


The mhibition created by preincubation inth 4 pg per ml L-tryptophan is not 
overcome by adding to the adsorption tube 10 times this amount of L-trypto- 
phan, nor by adding 40 pg per ml DL-phenylalamne (exp 8) 


Experiment 8 Inability of phenylalanine and of large amounts of tryptophan to overcome 
the inhibition created by prcincubation vnth 4 nO per ml L-tryptophan 


C07ACT0K 

ADSOBPTIOH (UETHOD 2) 


% 

DL-Phenylalanine 40 pg/ml 

0 2 

L-Tryptophan 40 pg/ml 

2 


The dependence of the inhibition on the amount of tr 3 ^tophan added at the 
begmnmg of the preincubation period ivas measured next The duration of 
preincubation was kept constant at GO minutes, and the amount of tryptophan 
added with the phage was also kept constant at 4 pg per ml (exp 9) 
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Experiment 9 Dependence of inhibition on amount of tryptophan in premcubation lube 
(Premcubation for 60 minutes Four fig per ml n-trj ptophan added to adsorption tube ) 

L lEVPIOPHAN IS PEEISCUBAnOV TUBE 

ADSoEpnov (hethod 2) 

PS/lrl 

% 

0 

53 

0 5 

35 

1 

22 

2 

13 

4 

3 

40 

1 


In a parallel experiment 80 /xg per ml DL-phenj lalanme were added to the 
premcubation mixture, mstead of tr 3 'ptophan (exp 10) This treatment did 
not inhibit adsorption 


Expenmenl 10 Does preincubahon with phenylalanine cause inhibition of adsorption in 

presence of i fig per ml ir-tryptophan? 


B PIZI^a7BATZD WITH 

ADSOEPnOV (METHOD 2) 

DL-Phenylalanine 80 pg/nd 

% 

70 

Control 

53 


From the precedmg experiments we conclude that the inhibition is created by 
premcubation with trjqitophan, but not by premcubation mth phenylalanine 
Further, we conclude that the inhibition is established m about 15 minutes, that 
a few /-g of tryptophan are sufficient to establish the inhibition, that the inhibi- 
tion cannot be overcome by 10 tunes the amount of trjTptophan added to the 
adsorption tube, and that inhibition established bj" premcubation mth trypto- 
phan IS also not overcome by addmg phenylalanme m large amounts to the 
adsorption tube 

Experiment 11 was designed to test whether the inhibition is due to a change 
m the bactena or to a change m the medium A culture of bactena was inhibited 
by premcubation with 4 pg per ml n-trj'ptophan for 60 mmutes It was then 
mixed with an equal volume of a similar culture mcubated without trj-ptophan 
This culture was therefore not inhibited 

Experiment 11 Does premcubation with tryptophan produce a diffusible substance inhibiting 
the adsorption of T4,12 on freshly added bactena? 

I ADsazrao I (izrmoo 2) 


53 

3 

10 


Noninhibifed culture 
Inhibited culture 
Mixture 
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Expciimcnt 11 shoAvs Hint tlic medium of the inhibited culture contains a 
substmcc or subst inccs, produced by the bacteria m the presence of tryptophan, 
i\lnch pro\ent tlie adsoiption of phage on baetena These substances must be 
free in solution since adsorption to fieshly added bacteria is inhibited as strongly 
ns adsorption to bacteiia that caused this metabolic transfoimation of trypto- 
phan In the next experiment a similar result i\ns obtained by testing the 
supernatant of an inhibited eulture for its mhibitorj'- power by adding it in 
equal \olume to a noninhibited culture (exp 12) 


KxpcTimcnl I£ Test of supcrnalonl of inhibited culture 


VOMSTTIBITtD CULTUSE UIXTD ^\nTn EQUAL \OLUUE OT 

ADSOSpnON (itETnOD 2) 

Supernatant of inhibited culture 

% 

2 

Basal medium 

25 


In experiment 13 known products of trj-ptophan metabolism were tested 
mdiMduallj for inhibitorj' power These suspected inhibitory factors were 
added to a bacterial suspension immediately before adding a mixture of phage, 
L-trj’ptophan, and CaCh In the adsorption mixtures the concentrations of 
inhibitory factor, tryptophan, and CaClj were 5 mE per ml of each Ten minutes 
were allowed for adsoiption, and then the mixtures W'ere plated on broth (for 
the count of total phage) and on plates of F medium (for the count of adsorbed 
phage), and the supernatant was plated on broth (for the count of fiee phage) 


Experiment IS Tests for inhibition of adsorption bp known produets oj tryptophan metabolism 


I i ADSOKPTIOV TTHJE 5 pff/ltll L TR^TTOniAN AND 5 pg/ml Of 

ADSORPTION 

UCTHOD 1 

METHOD 2 


% 

% 

Indole 

3 3 

17 

Skatole 

19 

— 

Indole 3 acetic acid 

72 

86 

Indole 3-propionic acid 

74 

74 

Tryptamine 

65 

72 

100 iig/ml DL serine 

70 

62 

Control i 

1 

71 

78 


Of the substances here tested, only indole and skatole showed defimte in- 
hibitory power, with indole the more active of the twm All subsequent tests 
were confined to indole The inhibition is clearly an inhibition of adsorption 
The inhibitory activity of indole on the adsorption of T4,12 in the presence of 
5 pg per ml L-tryptophan and CaCh is brought out more strikmgly m the follow- 
ing titration series (exp 14) 
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Experiment 14 Titration of tndole against 6 iig/ml l tryptophan 


IKOOtE 

adsorption (uethod 2) 

nlmt 

% 

4 

0 5 

2 

1 7 

1 

4 4 

0 6 

13 

0 2 

32 

0 1 

39 

0 

68 


Indole can exert a noticeable inhibitory action even at a concentration of 
0 1 per ml, 50 tunes lower than that of L-tr 3 TDtophan 

The preceding experiments have shown that the bacteria produce from l- 
tryptophan (but not from phenylalamne) a substance or substances capable of 
inhibiting the adsorption of T4,12 in the presence of L-tr 3 p)tophan and CaClj 
Among known or suspected products of tryptophan metabolism indole, and to a 
lesser extent skatole, were foxmd to have such inhibitory activity Anderson 
has shown that the function of the cofactor, L-tryptophan, is to activate the 
phage particles reversibly It seems natural to assume that the mhibitory sub- 
stances function by formmg competitive combinations with the phage particles 
Several pieces of evidence can be brought forward that may serve to elaborate 
and in some measure to support this idea In an experiment already reported 
(exp 8 ) it was shown that the products of tryptophan metabolism are inhibitory 
also against phenylalamne This may mdicate that phenylalamne exerts its 
cofactor activity as a true tr 3 p)tophan analogue, combmmg with the phage in 
the same places where tiyptophan combines Experiment 15 shows that indole 
IS active against every cofactor contained in broth 


Experiment IB Inhibitory action of indole against all cofactors contained in broth 


IN ADSOEPTION TUBE 4 mg/ml BEOTH AND 

ADSOEPnON 

UETBOD 1 

iTErnoD 2 


% 

% 

60 ng/ml indole 

18 

i 2 

Control (no indole) 

88 

01 


The idea that mdole acts by establishmg a competitive block at the points 
where tiyptophan (or its analogues) reacts inth the phage unplies that it should 
inhibit the adsorption of all those, and only those, phage mutants that require 
tryptophan (or one of its analogues) as cofactors Specifically, indole should 
inhibit the adsorption of T4,ll, vhich requires tryptophan but not Ca++, and 
should not inhibit T4,l, ivhich does not require any cofactor These inferences 
are venfied bj' the results of experiments 16 and 17 
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Ezpcnmcnl JO Inhibition of adsorption of T4,ll bp varying amounts of tndolc 


IN ADSosmov rone 5 >ig/ml I. iRirrornAS and inooii: 

ADsosrnoN (uernoD J) 


% 

10 

8 5 

20 

12 

10 

18 

4 

23 6 

o 

31 

1 

64 

0 

75 


Experiment 17 Noninhibition of adsorption of T4,l by xndolc 


111 AOSORmOV TUBE 

ADSOipnoN (urmoD 2) 


% 

Indole (50 ng/ml) 

73 

Control 

85 


Note Stock T4,l is not a pure stock It contains about 10 per cent phage particles 
giMng plaques nith fuzzi margins, like the wild type These 10 per cent are cofactor- 
requinng In the experiment just cited these particles were not adsorbed in either the 
indole or the control tube These particles, which give clearly distinguishable plaques, were 
not counted for the e\aluation of adsorption 

Expenments IG and 17 show that indole inhibition is specific for those mutants 
requiring tij-ptophan as cofactor for adsorption It should be noted, however, 
that T4,ll IS about 10 tunes less sensitive than T4,12 to the mhibitory action 
of mdole 


DISCUSSION 

The experiments here reported show that mutations of phages mth respect 
to cofactor requirements do occur and that mutant stocks of reasonable purity 
can be prepared Very little is known about the rates at which the mutations 
occur and about the conditions that influence the rates of mutation In some 
cases the rates must be quite high, so high, in fact, that it becomes a matter of 
chance whether a reasonably pure stock is obtamed 

The biochemical deficiencies of the mutants are concerned with the require- 
ments of the phages for the adsorphon process It must be clearly understood 
that the term “adsorption,” as it is used in virus research, refers to the occurrence 
of an irreversible, specific union betw'een virus particles and host A physical 
adsorption, meaning a static bond, hke that between antigen and antibodj’’, may 
or may not be a step m the biological adsorption process It seems reasonable 
to postulate an intermediate step between the hypothetical physical adsorption 
and the beginning of multiphcation of the parasite For want of a better term 
we will call this intermediate step the “invasion,” meamng a chemical reaction, 
presumably en 2 ymatically controlled, by which the physically adsorbed particle 
efiects an entry mto the host cell One may imagme that the physical adsorption 













14 


M DELBR^CK 


[voL 56 


process m some cases is reversible and that the observed irreversible adsorption 
IS a combination of physical adsorption followed by invasion It seems reason 
able that biochemical deficiencies of phages (and perhaps of all viruses) should 
be concerned primarily ivith the invasion phase of the life cycle of the particles 
Once a viius particle has entered a host cell, it is not so likely to be dependent 
on supplementary factors in the medium, beyond those required by the host 
itself, since the host cell should provide everything that is necessary 
Anderson’s discovery of cofactor requirements of phages, implying that 
resistance or sensitivity of a host to a virus may be conditioned by the presence 
or absence of specific factors in the medium, surely constitutes an extraordinary 
advance m the general approach to problems of virus virulence Our findings 
extend this discovery in several directions 
First, they show that mutations occur that make a virus independent of a 
cofactor Such a mutation mayf be looked upon as a host range mutation 
Thus, T4,l will attack strain B m F medium, vhereas T4,ll and T4,12 mil 
not T4,1, therefore, could be looked upon as a host range mutant with respect 
to the basal medium used 

Secondly they show that viruses mth cofactor requirements can be interfered 
with, apparently by interfering with the utilization of the cofactor by the virus 
Thus the attack of T4,ll or of T4, 12 on B m the presence of any of the cofactors 
can be blocked by the presence of indole In this system indole plays the role 
of an antivirus drug, and to our Imowledge it is the first drug on record that 
specifically protects a host cell from a virus invasion This action must not be 
confused with that of other drugs (2- and 3-pyridyl-alanine, for instance— 
T F Anderson, 1946), which block the hberation of active phage particles from 
infected bacteria, but which do not prevent the adsorption of the phage particles 
These drugs, too, effectively block the spread of phage infection in a bacterial 
culture by confining the infection to the cells first attacked 

Third, since the bactena here studied produce indole from tryptophan, our 
findings point to a peculiar mechanism of self-protection on the part of the 
bacteria, converting an activator of an invasive pathogen into an inhibitor 
We are inclined to see in this interrelationship a first rational linlc between the 
metabolic pattern of the host and its resistance pattern That there do exist 
links betv een the metabolic and the resistance pattern is certainly to be expected, 
and indeed such link s have been showm to exist in several instances (E H Ander- 
son, 1944, 1946, Wollman, 1947) Some of the bacterial mutations from phage 
sensitivity to phage resistance have been found to be associated ivith loss of 
abihty to S 3 mthesize either tryptophan or prohne There is in these cases no 
obvious rational connection between the change of the metabolic pattern and 
the change of the resistance pattern of the bactena, since the phages involved 
are not knovm to have cofactor requirements The two changes appear to be 
accidentally linked phenotjqnc expressions of certain mutational steps It might 
be V orth v hile, hon ei er, to look more closely into the details of the metabolism 
of tr 3 q)tophan and related substances in connection nith the resistance pattern 
Finally, the findmg that bactena metabohcally produce certain phage inhibi- 
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tors maj' help to chicichtc a variety of odd findings concerning the development 
in phage Ijsatc of secondary bacterial growths, which on isolation turn out to be 
growths of scnsitnc bactciia Piobably c\eiy w'oiker is familiar with this 
phenomenon, and occasionally one also finds it mentioned in the literature A 
parliculail}' striking case has been dcsciibcd recently by Ivleczkow ska (1946) 
In nene of these cases, apparently, hare the "antilysin” or “inhibitor” been 
identified chemically, and, indeed before Anderson’s discovery of the simple 
chemical nature of a cofactor, it would have seemed a w'lld surmise to expect 
the antilj sin to be a simple chemical substance From here on out, the hunt for 
other simple antiljsins is likely to be a Inely one 

summary 

Mutant stocks of phage T4 arc described that differ from one another with 
respect to their requirements for cofactors of adsorption Table 3 summanzes 
the properties of the piincipal stocks 


TABLE 3 

PropcTltcs of mutant stoci s of T4 


MUTANT STOCK 

TLAQUes ON CKOTn 
PLATES 

COPACTOR BEQUIREUENT 

XNniBinOV DY INDOLZ 

T4,l 

mBBBm 

None 

No 

T4,ll 


1 pg/ml L tryptophan or 
analogues 

Yes 

1 Mg/ml 

T4,12 


Same plus 1 iig/ml Ca'*^ 

Yes 

0 1 pg/ml 


Indole, which is metabohcally produced from tryptophan by the bacteria, 
inhibits the activation of phage by tryptophan 
Possible relations between the metabolic and the resistance pattern of bacteria 
are discussed 


REFERENCES 

Anderson, E H 1944 Incidence of metabolic changes among virus resistant mutants 
of a bacterial strain Proc Natl Acad Sci U S , 30, 397-403 
Anderson, E H 1946 Growth requirements of virus resistant mutants of Escherichia 
coll strain “B ’’ Proc Natl Acad Sci U S , 32, 120-128 
Anderson, T F 1945o The role of tryptophane in the adsorption of two bacterial 
viruses on their host, E coli J Cellular Comp Physiol , 26, 17-26 
Anderson, T F 1945b The activity of a bacteriostatic substance in the reaction be- 
tween bacterial virus and host Science, 101, 565-566 
Anderson, T F 1946 Morphological and chemical relations in viruses and bacterio- 
phages Cold Spring Harbor Symposia Quant Biol , 11, 1-13 
Anderson, T F 1948 The activation of the bacterial virus T4 by l tryptophan J 
Bact , 66, 637-649 

DELBHtJcK, M , AND Bailey, W T , Jr 1946 Induced mutation m bacterial viruses 
Cold Spring Harbor Symposia Quant Biol , 11, 33-37 











M DELBRUCK 


16 


[voL 56 


Hbeshet, a D 1946a Mutation of bactenophage with respect to type of plaque Gene 
tics, 31, 620-640 

Hehshet, A D 1946& Spontaneous mutations in bacterial viruses Cold Spring Harbor 
Symposia Quant Biol , 11, 67-76 

Kleczkowska, J 1945 A quantitative study of the interaction of bacteriophage with 
Rhizobium using the techmque of poured plates J Bact , 60, 81-94 

Luhia, S E 1945 Mutations of bacterial viruses affecting their host range Genetics, 
SO, 84-99 

LtmiA, S E 1947 Reactivation of irradiated bacteriophage by transfer of self repro 
ducing umts Proc Natl Acad Sci U S , 33, 253-264 

WoLLMAN, E 1947 Relation entre le pouvoir de synthdtiser la prohne et la rdsistanco 
au bacteriophage chez des mutants d’Eschertchta coh Ann inst Pasteur, 73, 348-364 



THE NUTRITION OF BRUCELLAE GROWTH IN SIMPLE 
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The nulnlional requirements of brucellac groum in chemically defined media 
ha\e been investigated bj ZoBell and Meyer (1932a, b), Koser, Breslove, and 
Dorfman (1941), N B McCullough and Dick (1942a,b, 1943), W G 
hIcCullough ci at (1947), and others With one exception (McCullough and 
Dick, 1943), hoMcter, the media emploj-^ed seemed imdul}’^ complex by reason 
of the number of amino acids required in their preparation Utihzation of 
inorganic ammonium salts ns the sole nitrogen source for these orgamsms has 
been demonstrated b 3 ' ZoBcll and hlejer (1932o), McCullough and Dick (1943), 
and Gerhardt and Wilson (1947) Consequentlj , the present study was under- 
taken in an effort to obtain a simple, chemicallj'- defined medium for cultivation 
of bruccllne 

Interest in this laboratorj'’ has centered on the “avirulent” Brucella abortus 
strain 19, indely used for animal immunization The nutritional requirements 
of this culture were studied intensivel}’’ and the findings applied subsequently to 
a number of other strains 


METHODS 

Pyrex glassware was employed for all experimental work, before use it was 
ngorously cleaned with detergent or acid cleaning solution and rmsed with 
glass-distilled water When it w'as necessary to use chromic acid cleamng 
solution, extra precautions w'ere taken m nnsing The highest grade chemicals 
commercially available w'ere used throughout the study The accessory growth 
factors emploj’^ed w'ere crystalline preparations from reputable sources 

Cultures were grown in 10-ml aliquots of the medium m pyrex milk dilution 
bottles, which were plugged wnth cotton enclosed in gauze wrapping When 
extended incubation of cultures was necessary, an aluminum foil covermg was 
used to minimize evaporation The constituents of the medium were made to 
volume in the cultme vessels and sterihzed bj"^ autoclavmg for 20 nunutes at 
120 C Duplicate or triplicate cultures were incubated at 35 to 37 C in a hunaid- 
ified atmosphere Aeration was accomplished by means of a shaker apparatus 
Growth usually was evaluated turbidimetncally, light transmittance was 
determined wnth an Evelyn photometer, using matched 18-mm test tubes as 
cuvettes, a 660-m/i filter, and the original, umnoculated medium as the reference 
Readings W'ere made on aggregate samples of two or more repheate cultures 

‘ Supported in part by fellowship grants from the National Institute of Health and the 
Wisconsin Alumm Research Foundation Published v ith the permission of the Director of 
the Wisconsin Agricultural Experiment Station 
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Plate counts were made by the usual poured plate methods The pH was 
determined electrometncally 

A majority of the experunents were conducted \nth B aborlus strain 19 (Cot- 
ton, Buck, and Smith, 1933), sent to us from the U S Department of Agriculture 
through the com-tesy of Dr A B Crandord (U S B A 1 ,B abortus no 19-18B, 
March 8, 1946) This strain is distinguished by its relatively low virulence for 
experimental animals and by its reaction to dye bacteriostasis (Levine and 
Wilson, 1947) 

Preparation of the inocula for experimental cultures was rigorously standard- 
ized, both to mimmize variation m numbers and activity as well as to reduce 
the possibility of nutrient carry-over Cells were removed caiefully from a 24- 
hour, tryptose agar culture to physiological saline, this suspension was adjusted 
to a given turbidity and 0 1-ml aliquots of appropriate dilutions were used for 
the inoculation of experimental cultures In order that this standaid moculum 
might be interpreted in terms of numbers of viable cells, a curve was prepared 
to show the relationship between viable cell count and percentage of light 
transrmttance for suspensions prepared m this manner Of necessity, early 
experiments having ammomum sulfate as the nitrogen source were with relatively 
large inocula, this requirement was subsequently obviated 

RESULTS 

The study was begun with attempts to cultivate B abortus strain 19 on the 
simplified medium of N B McCullough and Dick (1943), negative results nere 
obtained m each instance Similar findings have been reported by Stimmel 
(1946), Polding (1946), and W G McCullough et al (1947) Experiments vere 
then conducted to demonstrate utilization of ammonium salts as the sole nitrogen 
source by the orgamsm This accomplished, the study was extended to investi- 
gate the nutrition of the organism in relatively simple substrates and to define 
conditions under which maximum growth might be obtained 

Imtial expenments were vath a medium arbitrarily devised from the results of 
N B McCullough and Dick (1943) and other investigators As tne study 
progressed, the medium was changed to incorporate the experimental findings, 
thus, the various data may not be directly comparable The basal medium 
used in most of the work had the followang composition 0 75 per cent sodium 
chloride, 1 00 per cent dipotassium phosphate, 0 01 per cent sodium thiosulfate, 

10 0 fig per ml Mg++ (as magnesium sulfate), 0 10 /ig per ml re++ (as ferrous 
sulfate), 0 10 fig per ml Mn++ (as manganous sulfate), 0 20 fig per ml thiamine 
hydrochlonde, 0 20 /.g per ml mcotinic acid, 0 04 fig per ml calcium pantothenate, 

0 001 fig per ml biotin, and pH adjustment to 6 8 to 7 0 

Limited studies on the respiratory activity of B aborlus strain 19 on vanous 
energy sources mdicated that the rate of oxygen uptake of v ashed, resting cells 
m the presence of sodium lactate compared favorably with that for glucose or 
glycerol * The latter often are employed as energy sources for brucellae These 

= Studies on the respiration of brucellae are being extended and mil be reported at a 
future date 
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results suggested the incorporation of lactate into the basal medium, which 
previously Ind failed to support growth with ammonium sulfate as the nitrogen 
source nnd glucose as the caibon source When the medium was modified by 
the addition of lacfatc, moderate giow’th was obtained Subsequently, a 
marked stimulatoiy elTect of glyceiol was observed 
The relationships between varjung concentrations of lactate and glucose, and 
of lactate and glycerol, arc given in figures 1 and 2, respectively The results 
were plotted as three-dimensional graphs to illustrate the relationships between 
the two independent variables (lactate versus glucose or glycerol concentrations) 
in terms of the dependent variable (percentage of light transmittance) The 



Figure 1 Relationship betneen varying concentrations of lactic acid and glucose on the 
growth of Brucella abortus strain 19 Medium Basal medium constituents plus 0 05 
per cent (NELi):SOi Inoculum 1 X 10’ viable cells per ml Incubation 96 hours, not 
on shaker 


following working conclusions were draivn from the data of figure 1 (1) a 
concentration of 0 5 per cent lactate was optimal for all concentrations of glucose 
used, (2) lactate may serve as the sole carbon and energy source, and (3) glucose 
alone failed to support growth and apparently inhibited grotvth in the presence 
of lactate The following working conclusions were drawn from the data of 
figure 2 (1) a concentration of 0 5 per cent lactate was optimal for all concen- 
trations of glycerol used, (2) the combined effect of lactate and glycerol together 
was greater than that of either alone, and (3) although either may serve as the 
sole carbon and energy source, the effect of lactate was more pronounced than 
that of glycerol These results were subsequently extended to determine more 
accurately the optimal levels of lactate and glycerol, each in the presence of 
optimal amounts of the other In this repect, a level of 0 5 per cent lactic acid 
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was confirmed as optimal, whereas mcreasmg the concentration of glycerol to 
3 0 per cent resulted in further increases in the growth response The range of 
the optimal concentration of glycerol was found to be very broad 
In this preliminary work, the basal medium included 0 05 per cent ammonium 
sulfate as the mtrogen source, the culture vessels being incubated statically 
That oxygen supply had become a hmiting factor soon became evident, con- 
sequently , increased aeration was employed in subsequent experiments More- 
over, the use of ammomum sulfate offered serious disadvantages as a mtrogen 
source (1) ammoma determinations indicated that appreciable and variable 
amounts of ammonia (e g , 12 5 to 36 0 per cent) were lost from the medium on 
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PER CENT LACTIC ACID 

Figure Z Relationship between varying concentrations of lactic acid and glycerol on the 
growth of Brucella abortus strain 19 Medium Basal medium constituents plus 0 05 
per cent (NHi)jSO« Inoculum 1 X 10’ viable cells per ml Incubation 96 hours, 
not on shaker 


autoclaving, and (2) although growth of the orgamsm could be maintained in 
the medium -mth prolonged serial transfer, the imtiation of growth by small 
moGula vas delaj-^ed and sporadic unless the physical character of the medium 
was altered with small amounts of agar or methyl cellulose Consequently, a 
senes of experiments was conducted m an effort to obviate these difficulties and 
yet avoid the use of a multiple mtrogen source The effect of vanous mtrogen 
sources employed smgly in the basal medium was investigated The results 
mdieated that vanous sources of the morgamc ammonium ion (e g , ammonium 
carbonate, hydroxide, phosphate, or citrate) may satisfactonly substitute for 
ammomum sulfate but vnth no apparent advantage, either in the growth response 
or m the chemical properties of the compounds Hove'ver, the response of the 
organism to mdividual ammo acids and related compounds could be demon- 
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Etratcd The favorable results vith asparagine, m particular, suggested further 
investigation Moreover, the stimulatory effects of asparagine on the growth 
of bruccllae Ind been observed previously by ZoBell and Meyer (1932a) and 
othei s 

Representatne results for the growth response of the organism to asparagine 
as the sole nitrogen source are given in table 1 Not only were the levels of 
growth attained comparable to those with ammonium sulfate, but the organism 
grew readil 3 'from smaller inocula From these and subsequent data, the optimal 
concentration of DL-asparaginc was determined as 0 3 per cent Under these 
conditions visible growth of B abortus strain 19 became evident after incubation 
periods of approximately 1, 3, 5, and 7 days wnth inocula of 1 X 10^ 1 X 10“, 
1 X 10‘, and 1 X 10' viable cells per ml, respectively The maximum levels of 

TABLE 1 


The effect of varying conccntralions of asparagine on the growth of Brucella abortus strain 19 


KinoccN sotmcE added to uediuu 

mCXNTACE or LIGHT TLANSHITTANTE 

TcrccnUffc of 
compound 

Compound 

Nitrogen 

pcrccnUgc 

1 X 10« ccUs/ml 
inoculum 96 br 

1 X 10* cclls/ml 
tooculum 232 br 

0 

None 

0 

98 5 

100 0 


(NH,)sS04 

0 OlOG 

66 0 

100 0 

If 

DirAeparagino 

0 0021 

83 5 

93 0 

0 05 

DL-Asparagino 

0 0106 

47 0 

62 5 


DL-Asparaginc 

0 0212 

50 6 

45 5 


DL-Asparagmo 

0 0636 

49 0 

47 0 

0 60 

DL- Asparagine 

0 1060 

55 0 

100 0 

1 00 

DL-Asparaginc 

0 2120 

98 5 

100 0 


Medium Basal medium constituents plus 0 5 per cent lactic acid and 3 0 per cent gljo 
erol Incubation On shaker 


growth attained in each mstance were approximately the same 45 to 50 per cent 
light transmittance and a viable cell count of 1 0 to 2 0 X 10’ viable cells per ml. 
An mterestmg adjunct to the effect of asparagine is the fact that, at certam 
levels of the compound, the culture became distmctly colored, usuallj^ browm 
ochre but at times a distinct pink Centnfugation of such cultures revealed the 
pigmentation to be concentrated m the supernatant 

A partial analysis of the utilization of asparagme by the orgamsm is given m 
table 2 Aspartic acid, the amino acid analogue of asparagme, could not be 
substituted Contrary to expectations, L-glutamme, differing from asparagme 
only m the length of its carbon cham, gave no growth response, whereas L- 
glutamic acid may serve as the sole mtrogen source L-Histidine also may re- 
place asparagme Of the other ammo acids examined, none supported sigmfi- 
cant groivth 

As a result of the preceding studies, a simple, chemically defined medium was 
formulated, having DL-asparagme as the sole mtrogen source Its complete 
composition is given m table 3 B abortus stram 19 was earned through 10 
senal transfers m this medium and then examined for possible changes m its 
charactenstics Thus far, no changes have been detected m its cellular mor- 
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phology, susceptibility to the bacteriostatic effect of thionin blue, or patho- 
genicity for guinea pigs Limited investigation of the dissociation pattern 
showed characteristics of 65 per cent rough, 10 per cent intermediate rough, 10 
per cent intermediate, and 15 per cent smooth colonies 

TABLE 2 


The effect of various amino acids as nitrogen source on the growth of Brucella abortus strain 19 


NITSOCZN SOtTBCE ADDED TO UEDtVU 

PERCENTAGE OP 
LIGHT TSANSUITAKCE 

Percentage of) compound 

Conapound* 

1 Nitrogen percentage 

0 10 

DL-Asparagine 


51 0 

0 201 

DL Aspartic acid 


97 0 

0 111 

L-Glutaminef 


100 0 

0 222 

L-Glutamic acid 


60 5 

0 114 

Glycine 


96 0 

0 159 

DL Serine 


97 0 

0 182 

L-Crystinef 

0 0212 

100 0 

0 080 

L Arginine 

0 0212 

94 5 

0 106 

L-Histidine 

0 0212 

74 5 

0 274 

L-Tyrosinet 

0 0212 

100 0 

0 250 

DL-Phenylalanine 


99 5 

0 155 

L-Tryptophan 

■BH 

97 5 


Medium Basal medium constituents plus 0 50 per cent lactic acid and 3 0 per cent 
glycerol Inoculum 1 X 10* viable cells per ml Incubation 240 hours on shaker 
* With the exception of asparagine and glutamine, these ammo acids have been reported 
(W G McCullough et al , 1947) as essential or stimulatory for growth of a strain of B sms 
t Sterilized separately by filtration and added aseptically to the medium 
t Present in saturated solution 


TABLE 3 


Composition of chemically defined medium 


DL- Asparagine 
Lactic acid 
Glycerol 
NaCl 
K HPO, 

Na^SjOj 5H.0 
Mg*^ (as MgSO< VHjO) 

Fe’'^ (as FeSOj 7H"0) 

Mn++ (as MnSO< 4H 0) 

Thiamine hydrochloride 
Nicotinic acid 
Calcium pantothenate 
Biotin 

Adjustment to pH 6 8 to 7 0 with NaOH 


0 30 % 

0 50 % 

3 00 % 

0 75 % 

1 00 % 

0 01 % 

10 0 /ig/ml 
0 10 fig/ml 
0 10 pg/ml 

0 20 lig/ml 
0 20 iig/ml 

0 04 jig/ml 
0 001 jig/ml 


The asparagine medium (table 3) was tested for its ability to support growth 
of 28 strains of B abortus, Brucella suis, and Brucella mehlensis contained in our 
culture collection All strains grew readily m an air atmosphere on trjTJtosc 
(Difco) agar Of these 28 strains, aU but 4 grew from an inoculum of approxi 
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mitcly I X 10* viable cells per ml withm 8 da 3 's m the asparagine medium The 
jiclds \aricd from barely visible growth (97 0 per cent light transmittance) to 
hcavj grow th (G 5 per cent light transmittance) Heaviest growth was obtained 
with B abortus strain ORF, a mavimum lc\el of 19 0 X 10’ liable cells per ml 
was reached after IGS hours from an inoculum of approximately 1 X 10* viable 
cells per ml With this medium, attempts failed in every instance to cultivate 
strains of B abortus that required an increased carbon dioxide tension 

DISCUSSION 

This in\ cstigation has attempted to demonstrate that many strains of Brucella 
may be cultnatcd on a rclativclj simple medium, in which all constituents are 
chcmicallj’ defined and rcadilj' aiailablc to most laboratories The essential 
nutritne requirements of these organisms maj" be met by a combination of 
mineral salts, four accessorj’’ growth factors, lactate, gljcerol, and a single 
nitrogen source Although the inorganic ammonium ion may serve as the sole 
nitrogen source, best results were attained using DL-asparagine Glutamic acid 
or histidine, cmplo 3 cd singly, ma 3 ’- substitute for asparagine Whereas 
McCullough ct al (1947) have reported that C 3 'stine, t 3 TOsine, phen 3 lalamne, 
tr 3 Titophan, and luslidmc were essential for growth of a strain of B sins 
(originally rcccned from Dr I F Huddleson, his strain no 1772-A), in our 
hands this strain was among those that grew' in the asparagine medium These 
results collectncly would seem to indicate that combinations of amino acids 
ha% e a stimulator 3 ' rather than an essential role in the nutritional requirements 
of these organisms 

Although B abortus strain 19 is known to utilize glucose, no response could be 
obtained with this compound when ammomum sulfate was used as the sole 
nitrogen source in the basal medium However, w'hen lactic acid was sub- 
stituted as the carbon and energy source in an otherwase similar medium, growth 
was obtained and glucose actually appeared mhibitor 3 ' The stimulatory effect 
of lactate for these organisms has been reported previousl 3 ', but its preferential 
use by a strain of B abortus appeared notew orth 3 ' Our data confirm preinous 
observations on the effect of glycerol with the modification that a relatively 
high level of glycerol was found to be of value, supporting the view' that glycerol 
may function m ways other than as a pnmary nutrient 

For possible applications to other studies, the medium that supported the 
best growth of the test organism w'as investigated for its ability to support the 
growth of a number of other strains These included at least five strains of each 
species of Brucella All of these strains grew in an air atmosphere Approxi- 
mately 85 per cent of the cultures imtiated grow th in the chemically defined 
medium from relatively small mocula It seemed probable that those strains 
which failed to grow might be induced to do so b 3 ' minor modifications in the 
medium, as vanation in the nutritional requirements of different strams of 
Brucella has been observed previously (e g , Koser, Bresolve, and Dorfman, 1941) 
Similarly, it seemed probable that the maximum level of grow'th attamed by 
any one stram might be considerably improved by minor modifications in the 
medium However, cultivation of those strains of B abortus that require an 
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increased carbon dioxide tension seemingly must await further study of their 
reqmrements It may be noted, m this respect, that N B McCullough and 
Dick (19426) reported that 41 recently isolated strams of B ahorlus (requiring 
an increased carbon dioxide tension) were not successfully grown m an ammo 
acid medium that they employed 
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SDMMART 

An mvestigation of the nutritional requirements of Brucella abortus strain 19 
resulted in the formulation of a medium consisting of mineral salts, four accessory 
growth factors, lactate, glycerol, and a single mtrogen source Although the 
morgamc ammonium ion may serve as the sole mtrogen source, best results were 
attained with DL-asparagine L-Glutamic acid or L-histidme, employed smgly, 
may substitute for asparagine 

Of 28 “aerobic” strains of Brucella abortus, Brucella suts, and Brucella melitensis 
tested, all but 4 grew in the asparagine medium from relatively small inocula 
Yields varied up to 19 bilhon viable cells per ml 
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.Vincrobic members of the genera Staphylococcus and Micrococcus have long 
been knovvn, but, with llie exception of the work of Prdvot (1933), no serious 
attempt has over been made to study these organisms as a group Our own 
experience (Foubert and Douglas, 1940) in attempting to identify anaerobic 
micrococci that liad been isolated from plasma and human slun indicated that a 
further stud}’ of the taxonomy of these organisms was needed This paper 
presents the results of such a stud}’, together with a determmative key, based 
primarily on biochemical characteristics, for the identification of these nucro- 
orgamsms 


METHOnS AND MATERIALS 

Isolation and purification of cultures Most of the cultures were isolated on 
medium A, which has the follow'ing composition Difco peptone, 20 0 g, Difco 
yeast ex-tract, 2 0 g, glucose, 10 0 g, sodium thioglycolate, 1 0 g, methylene blue, 
20 mg, distilled water, 1,000 ml The pH is adjusted to 7 3 to 7 5 and drops 
to G 9 to 7 1 during sterilization 

The addition of blood or serum to medium A had no effect upon the numbers 
or types of anaerobic micrococci recovered, nor upon the growth of isolated 
strains 

The source materials used for the isolation of cultures were skin scrapmgs, 
whole tonsils, and matenal sw abbed from the uterus and tonsils of human bemgs 
Suitable dilutions of these matenals mentioned above were plated and incubated 
anaerobically at 37 C foi 5 to 7 days All isolated colomes that developed were 
stabbed and streaked on deep-butt slants of medium A Such subcultures were 
gram-stamed after 5 days’ incubation and the anaerobic micrococci selected for 
further purification 

Cultures employed Table 1 bsts the sources and strain designations of the 
36 cultures isolated To these isolates were added strains SI to S5, recovered 
from plasma by S E A Gunter of the Umversity of Washmgton, stram VI 
isolated from skin by James Valentine of the Umversity of Washington, stram 
S6, isolated from plasma by Margaret Pittman of the U S Public Health 
Service, strain BU, isolated from a draimng sinus by E A Johnson of Baylor 
University, Staphylococcus^' aerogenes BAI, Staphylococcus anaerobius RV, 
Staphylococcus anaerobius DUI, Staphylococcus asaccharolyticus, and Staphy- 

* Present address Department of Biology, Gonzaga University, Spokane, Washington 
As the genus Staphylococcus is now considered invalid (Breed el al , 1948), these organ- 
isms will be referred to hereafter as Micrococcus 
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lococcus aclivus, recened from A R Pr4\ot of the Pasteur Institute m Pans, 
and strains US, U4, and U5, isolated from postpartum uteri by K Eileen Hite 
of the Umversity of Chicago 

Btochemtcal reactions The feimentation of vanous compounds Mas deter- 
mined by using fluid medium A without glucose as the basal solution to which 
the separately steiilized substrates Mere added in a final concentration of 1 per 
cent The utilization of glucose was also determined quantitative!}' by the 
analysis of cultures groivn in medium A without thioglycolate 
The abihty to produce a gassy fermentation of certain constituents (probably 
ammo acids) of peptone and yeast extract w as determined bj' obsen'ing shake 
cultures in solid medium A without glucose Such fermentations have been 
commonly referred to as “gas production from peptones,” and, although this 
term is probably a misnomer, it is used here for lack of a more precise substitute 

TABLE 1 


Source and strain designation of cultures isolated 


SUBJECT 

SOUICE 

1 

COLONIES nSHED 

ANAETOBJC 

incsococa eound 

STiATV DESIGNATION 

M 

Skin 

53 

7 

Ml to M7 

W 

(t 

98 

2 

Wl, W2 

G 

<< 

73 

2 

GI, G2 

A 

Vagina 

50 

3 

Al, A2, A3 

U 

Uterus 

60 

2 

Ul, U2 

T1 

Tonsils 

83 

5 

T1 to T5 

T2 

tt 

60 

3 

T6, T7, T8 

T3 


22 

2 

T9, TIO 

T4 

i( 

60 

7 

TIO to T17 

T5 

(< 

24 

1 

T18 

T6 

if 

27 

2 

T19, T20 


Proteolysis was determined m fluid medium A from which glucose, sodium 
thioglycolate, and methylene blue had been omitted, and to w'hich w'as added 
fresh egg albumen, Loeffler’s serum (Difco), 2 per cent skimmed milk, or gelatin 
Media for H 2 S production and indole production were prepared by substituting 
proteose peptone no 3 and Difco tryptone, respectively, for the peptone in 
medium A Nitrate and mtrite reduction were tested for m medium A without 
thioglycolate to which 0 1 per cent I^NO, or 2 parts per million of KNO 2 had 
been added Indole production, nitrate and nitnte destruction, and H S 
production w ere tested for by the methods recommended by the Committee on 
Bacteriological Techmque (1944) 

Coagulase was tested for accordmg to the method of Chapman (1945), and 
hemolytic actn'ity by the method of Browm (1919), using 5 per cent whole 
human and rabbit blood 


RESULTS 

Detailed descnptions of the orgamsms are given in a later section under 
Description of Species Only those charactenstics will be listed below whuh 
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^I 0 rommon In ill vti uiis ni wliidi un jn'ilmcnl In llic l.iNoiioniic (loatinent of 
the giouj) 

ndahoii lo Ml s(i iins no nIik Ih inaoinbic inicl Invc slio;\n no ton- 

clencj (o 1)( ( OHIO f u lilt iti\ oh unoiohit 

Ilcwohjstn and r(in(iuh''( hot piodntod 1)% iin sfi.iin 
('atala'<r Pi()du(odl)\ ill ''linns 

Oplniiutn trwprialinr \])pio\nn il(>l\ i7 C foi ill n1i nns 
l^iqmcnlnlam Most of tin sti mis, no \\liito oi gi nisli \\hitc IIo\\e\cr, the 
1 ict ilo-foimonting sti mis (nIhIiiI (olois \ inmg fiom t.m to \ellou hionn on 
fcolid niodimn V loiit lining 10 poi <onl In \olmn( of (ondonsfd milk 



Ftgurc 1 Grain htaiiis of 5 d ij okl cultures gro^^n in fluid inrdium A Uppei left 
strain Ml (d/ ^nrrliarolyliciis I ppn milit strain Pt Loner left stiainT3(il/ prevolii) 
Loiccr right strain U3 (V lai laliili'- 1 X I 000 

Gram tcaclion Ml sli tins me gram-po&itne, although the hctate-feimentmg 
strains rapidlj become giam-negative when grown m medium A m which 1 pet 
cent lactate has been substituted foi the glucose These stiams, if not exammed 
duimg the first 10 to 12 houis of the giowth cj'^cle, would be classified as Vctl- 
lonella on the outcome of the giam stain 

Morphologtj None of the cultures aie encapsulited oi motile, and none 
produce endospoies Ihe majoiitj"^ of the stiams aie tjpicallj’' mass-forming 
miciococci of unifoim coll size (figiiie 1, upper left) Cells grouped m pairs and 
free tetrads can be found in almost eveij’’ stiain, paiticulailj if jmung cultuies 
are examined One stiain (U5) is chaiacteiized bj^ extieme pleomorplusm 
Many of the cells of this oiganism aie elongated, club-, lemon-, oi dumbbell- 
shaped, and some cells look as if thej’’ aie budding (figuie 1, uppei light) 

The cell arrangement of certain stiams always appealed to consist of small. 
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irregular masses composed of contiguous tetrads l 3 ing in man 3 planes (figuie 1 , 
loiiei left) This aiiangement appeared distinctl 3 different from that of tipi’ 
caUy niegulai masses oi free tetiads The gioupmg of cells into masses of 
contiguous tetrads, and in some cases contiguous pans, appealed to a Ic.-^ei 
extent m se^elal othei stiains 

With onl 3 - a fen exceptions, all of the stiains neie consideied to be mcniber- 
of the genus Jhcrococcus The exceptions n eie those oigamsms that consistciith 
foimed tetiads, these stiains obnoush^ could be placed in the genus Gaffhya, iiul 
in fact some of them neie tentatnel 3 ' classified as such bv Foubeit and Doiigl i« 
(1946) Honeaei, fuithei consideiation has led us to doubt the nisdoni of tin-, 
foi theie appeals to be too giadual a transition between those stiains winch 
form tetiads mfiequentl 3 ^ and those which foim them consistentl 3 ^ to enable 
one to diaw an 3 '' definite line of demai cation Foi this leason we piefcr to 
considei the tetiad foimers as membeis of the genus Mioococcus The aolc 
anaeiobic membei of the genus Gaffhya is G anaeroha, which was desciibed b\ 
Choukentch (1911) It seems possible, howeiei, that the oiganism studied 
b 3 ' Choukevitch was an anaerobic sarcina, foi this woikei’s moiphological 
exammations weie confined to obseivations of gram-stained piepaiations in 
w Inch packet foimation is difficult to detect 


SPECIES OIFFEREN’TLXTIOX 


Species pioducing gas from peptones A division of the anaeiobic microLOici 
mto two groups can be satisfactoiil 3 ’ made on the basis of Msible gas foimation 
from peptones The gases produced in all cases consist of mixtures of COs and 
H 2 , but nothing moie is Icnown about the natuie of this feimentation llith 
the exception of stiam L'5 neithei giowth nor gas production of the gas foimei- 
IS enlianced b 3 ’' glucose 

The gas-pioducing stiains mar be subdn ided on the basis of lactate fermenta- 
tion Those strains which ferment lactate aie small, mass-foiming cotci tint 
aie gram-positn e m 3 oung cultures but, as piei loiish mentioned, leadih become 
giam-negatne All weie isolated fiom tonsils and diffei onh in the tape of 
giowth in broth and in catalase actiMt 3 Sugars aie not utilized but lictatc 
IS fei-mented with the pioduction of piopionate, acetate, CO>, and h 3 drogen 


(Foubert and Douglas, 1948) 

The occuiience of giam-negatue anaeiobic miciococci in salica w is leportcd 
b^, Hall and Howatt (1925), and, although these woikeis did not report on the 
feimentation of lactate, their isolates seemed to be ier 3 similar to ours except 


m the gram reaction Authentic cultures of the organism‘; of Hall ind Ilowitt 
aie no longei axailable, but bx following the isolation technicpic of tbeiC woiker- 
we were able to isolate from salna what appeared to begram-negatixc anicrobic 
micrococci Howexer, fuithei examination of such culture, proxed them to hr 
lactate fermenters that were gram-positix e in 3 oung culture- We con-idcr it 
highh probable, therefore, that oui lactate-fermenting ^triin^ irc identic d 
xxith the anaerobic micrococci isolated bx Hall and Howitt from s dixa 

Hall and Hoxxatt considered the^e organi-m, to lie identic il with 1/ (lazmicnr'^ 
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aJcaksccns anaerohuts described by Ijcwkowicz (1901), but renamed the bacterium 
M-icrococcm gazogenes Because of its apparent failure to retain the gram stain 
it was later placed in Vcillonella by Prdvot (1933) The fact that the organism 
IS gram-positive, ho^\c^cr, necessitates its transfer from Vcillonella to Micro- 
coccus As pointed out by Bcigcy cl al (1939), the species name gazogenes is 
in\ ahd when applied to a member of the genus Micrococcus Consequently we 
suggest the species name lachlyltcus, which reflects the fermentation of lactate 
carried out by this organism 

Among the non-lactatc-fcrmcnting organisms. Micrococcus ntger appears to 
be a a ahd species, vhich has been adequately described by Hall (1930) and 
Prdvot (1933) 

The balance of the non-lactatc-fcrmcntcrs may be subdivided on the basis of 
gelatin liquefaction Micrococcus acinus is the onlj' member of the gelatin- 
hqucfying group and maj’’ be rccogmzcd not only by its proteolytic activity but 
also bj’’ its active fermentation of several sugars The results of our examination 
of one strain recen ed from Pr^vot arc in essential agreement with the description 
published by Prdvot and TalTancl (1945) 

In the non-gclatm-liqucf3nng gi oup the highly pleomorphic strain U5 has been 
separated from the others on the basis of enhanced growth and gas production 
in the presence of glucose, although the organism uses only a negligible amount of 
this sugar Since it is the only strain of its t5T)e that we have studied, ve feel 
that it should lie left unnamed for the present 
The remainder of the strains m the non-gelatin-hquefymg group can be 
further subdivided on the basis of nitrate reduction and indole formation 
Strains Al, A2, Ul, and the cultures of M aerogenes and M asaccharolylicus 
received from Prdvot all fall into the gioup that reduces nitrate and produces 
mdole None of the cultures use more than a trace of glucose nor do any of 
them exhibit any proteolj’tic acti\ ity The only differences we have been able 
to find among these strains are quantitative, such as the intensity of gas pro- 
duction from peptones and slight differences in cell diameter All of these cul- 
tures agree well vnth previous descriptions of M aerogenes (Schottmuller, 1912, 
Pr6vot, 1933) According to Pr6vot (1933) M asaccharolylicus differs from ilf 
aerogenes in being larger and m failing to ferment sugars or to act upon blood, 
but these differences uere not apparent in the strains of these two organisms 
available to us 

The non-gelatin-liquefymg group that neither produces mdole nor reduces 
mtrate includes si\ strains (M3, Gl, A3, T3, T4, S6) that were isolated from a 
variety of sources In these strains cells of two sizes are formed, some of which 
are twice the diameter of others The large cells may constitute 20 to 50 per 
cent of the total cells m 5-day cultures 
This group of SIX cultures appears to us to be sufficiently homogeneous and 
different from other described species to justify their inclusion in a new species 
We suggest for these organisms the name Micrococcus prevohi, m honor of Dr A 
R Pr6vot, who has contributed much to our knowledge of anaerobic bacteria 
Speaes not producing gas from peptones A pnmary division of the orgamsms 
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in tins group can separate those which ferment sugars with the production of 
acid from those which ferment sugars not at all, or onlj'' very slowly and inthout 
acid formation Growth of the organisms m the sugar -fermenting group is 
strongly enhanced by glucose, whereas growth of the non-sugar-fermenters is 
not mfluenced by the presence of this sugar 

In the sugar-fermenting group M gngoroffi, appears to be a vahd species and 
has been adequately described by Grigoroff (1905), Pr^vot (1933), and Prdvot 
and Senez (1944) 

Thirteen strains of sugar fermenters, all of which were isolated from skin 
and blood plasma, are sufficiently different from M gngoroffi to necessitate tlicir 
inclusion in a new species, and ive suggest the name Micrococ-cus sacchaTohjticiis 
for these strains These bacteria differ from M gngoroffi m failing to ferment 
lactose, in not producing indole or HjS, and in not coagulating milk There also 
appear to be clear-cut differences in the nature of the sugar fermentation m 
duced by these two species Analyses of growing cultures of M saccharohjhm 
have shown that the pnncipal metabolic products produced in the fermentation 
of glucose are ethanol, CO 2 , formic acid, acetic acid, and traces of lactic acid 
(Foubert and Douglas, 1946), whereas M gngoroffi produces principally butync, 
formic, and lactic acids in glucose broth (Prdvot and Senez, 1944) 

The strains m the non-sugar-fermenting group grow as well m the absence 
as in the presence of glucose and possibly cause ammo acid fermentation of the 
type desenbed by Garden and Barker (1947), in which the only gas produced 
IS CO 2 The orgamsms m this group may be split along the lines of gelatin 
hquefaction and morphology The non-gelatm-Iiquefying group contains a 
single species, M anaerohius The results of our examination of two cultures 
received from Prdvot are in good agreement with the description of M anaerobivs 
pubhshed by Prdvot (1933) 

The gelatin-hquefying group consists of five cultures (U2, U3, U4, T7 , and BU) 
In contrast to the uniform cell size of M anaerobius the cell diameter of each 
mdividual strain in this group vanes from 0 5 to 1 0 or 1 5 microns, and cells 
of all sizes may be present m a single culture We feel that the five strains 
mentioned above are sufficiently homogeneous and different from M anaerobius 
to justify their inclusion m a new species, for which we suggest the name Micro 
coccus vanahhs because of the characteristic variation in cell size 

DESCRIPTION OF SPECIES 

Micrococcus lactilyticus nov nom 

Cultures examined 13 strains-Tl, T2, T5, T6, T8, T9, TIO, T12, T13, TH, 
T15, T16, and T17 from 4 pairs of normal tonsils, 3 strains — T18, T19, and 
T20 from 2 pairs of infected tonsils , 

Cells sphencal, 0 5 to 0 75 microns, occurring singly, m pairs, m tetrads, an 
m large nregular groups, gram positive m young cultures, but gram-negative 
thereafter 

Agar colomes Circular, 0 5 to 1 0 mm, smooth, entire, low convex, opaque, 
grayish white, and butyrous 
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Litmus milk Complete reduction in 48 hours, no other change 
Utilization of carbon compounds Carbohydrates are not fermented Pyru- 
vate, lactate, and mahtc fermented uith the production of abundant gas 
Lactate fermented to II;, CO;, acetate, and propionate 
Proteolysis Gelatin, egg albumen, beef scrum, and casein not attacked 
H-S produced , indole not produced , nitrates and nitrites reduced 

Micrococcus acrogcncs Schottmuller 1912 

Cultures examined 1 strain received from Prifvot, 2 strains, Al and A2, from 
the \agina, 1 strain, Ul, from the uterus 
Cells spherical, 0 75 to 1 0 micron, occurring singly, in pairs, in tetrads, and 
in irregular groups some of u hich appear to be made up of contiguous plates of 
four arranged in many planes 

Agar colonies Circular, 0 5 to 2 0 mm, smooth, entire, low convex, opaque, 
grayish white, and butyrous 

Litmus milk Completely reduced m 72 hours by moderate gas producers, 
75 per cent reduced m 10 da5'’s by slight gas producers 
Utilization of carbon compounds Carbohydrates and lactate not fermented 
Proteolysis Gelatin, egg albumen, beef serum, and casern not attacked 
H;S produced, indole produced, nitrate and nitrite reduced 

Micrococcus prevoin n sp 

Cultures exarmned 2 strains, M3 and Gl, from the skin, 1 strain, A3, from 
the vagina, 2 strains, T3 and T4, from tonsils, 1 strain, S6, from plasma 
Cells sphencal , some strains 0 6 to 0 8 microns with 20 to 50 per cent of the 
cells 1 0 to 1 5 microns, some strains 0 75 to 1 0 microns with 20 per cent of the 
cells 1 5 microns, occurring singly, m pairs, m tetrads, and m uregular groups, 
some of which appear to be made up of contiguous plates of four arranged m 
many planes 

Agar colonies Circular, 0 5 to 1 0 mm, smooth, entire, low convex, some 
strains translucent, some strains opaque, gray to grayish white, butyrous 
Litmus milk Complete reduction m 3 to 4 days, no other change 
Utilization of carbon compounds Some strams produce slight acid from 
glucose, fructose, galactose, mannose, maltose, and raffinose, but not from 
lactose, starch, inulin, sahem, glycerol, or manmtol Other strains produce no 
acid detectable by pH changes from any of these compounds Lactate and 
malate are not fermented 

Proteolysis Gelatm, egg albumen, beef serum, and casein not attacked 
None or slight HsS production, indole not produced, mtrates not reduced 

Micrococcus saccharolylicus n sp 

Cultures examined 5 strains, SI, S2, S3, S4, and S5, from 3 bottles of plasma, 
8 strams. Ml, M2, M4, M5, M7, G2, Wl, and VI, from skin 
Cells sphencal , 0 6 to 0 8 microns for some strains, 0 8 to 1 0 microns for other 
strains, occurnng singly, m pairs, in tetrads, and in irregular groups 
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Agar colonies Circular, 0 5 to 1 0 mm, smooth, entire, convex, opaque, ivhite, 
and butyrous ’ 

Litmus milk Slight reduction, no other change 

Utilization of carbon compounds Acid but no visible gas produced from 
glucose, fructose, mannose, glycerol, and sucrose No acid from arabinose, 
galactose, maltose, lactose, rafSnose, starch, inulin, sahcin, mannitol Lactate 
and malate not fermented Glucose fermented to CO 2 , ethanol, acetic acid, 
formic acid, and traces of lactic acid 
Proteolysis Gelatin, egg albumen, beef serum, and casein not attacked 
H 2 S and indole not produced, mtrates and mtrites reduced 

Micrococcus variabihs n sp 

Cultures examined 1 strain, U2, from the uterus during pelvic inflanmiatory 
disease, 2 strains, U3 and U4, from 2 postpartum uteri, 1 strain, T7, from a 
normal tonsil, 1 strain, BU, from a draining sinus 
Cells spherical, 0 5 to 1 5 microns (all intei mediate sizes may be present in a 
single culture), occurring singly, in pairs, in tetrads, and in irregular groups 
which appear to be made up of contiguous pairs arranged in many planes 
Agar colomes Circular, 0 5 to 1 0 mm, smooth, entire, low convex, opaque, 
grayish white, butyrous 

Litmus milk Slight reduction, no other change 

Utihzation of carbon compounds No acid produced from carbohydrates 
Lactate not fermented 

Proteolysis Gelatin liquefied, egg albumen, beef serum, and casein not 
attacked 

Shght H 2 S production, indole not produced, mtrates not reduced 

Strain U5 

Cultures examined 1 strain, U5, from the uterus 

Cells spherical, 0 5 to 2 5 microns id diameter, pleomorphic, evidencing rod, 
lemon, club, dumbbell, and budding forms 

Agar colomes Circular, 0 5 to 1 0 mm, entire, low convex, opaque, grayish 
white, butyrous 

Litmus milk Complete reduction m 24 houis, no further change 
Utihzation of carbon compounds Shght acid formed from glucose, mannose, 
sucrose, and lactose No acid from arabinose, raffinose, starch, salicin, glycerol, 
or manmtol Lactate not fermented 

Proteolysis Gelatin, egg albumen, beef serum, and casein not attacked 
H 2 S produced, indole not produced, mtrate not reduced 

KET TO THE SPEaES OF THE ANAEROBIC MICROCOCCI 
A Produce Visible gas from peptones 

1 Ferment lactate -df lactilylicus nom no\ 

2 Do not ferment lactate ^ 

a Colomes in deeps pigmented black by G days 
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b Colonics not so pigmented 

1) Liquefy gelatin M activus 

2) Do not liqucfj' gelatin 

a) Groi\ th and gas production enhanced by glucose Strain U5 

b) Growth and gas production not enhanced by glucose 

(1) Indole produced, KNOa reduced, gas production slight to 

abundant M asaccharoUjlicus, M acrogenes 

(2) Indole not produced, KNOa not reduced, 

gas production slight M prevolh n sp 

B Do not produce visible gas from peptones 

1 Ferment glucose 

a Ferment lactose M gngoroffi 

b Do not ferment lactose M saecharolyheus n sp 

2 None or onlj’' a slight fermentation of glucose 

a Do not hqucf}' gelatin, cell size uniform M anaerobiua 

b Liqiief}’' gelatin, cell size variable M vanabihsn sp 

smiMAna 

A comparative studj' has been made of 52 strains of anaerobic micrococci, 
36 of which w'erc freshly isolated from the skin, vagina, uterus, and tonsils, 
while the remainder, including all of the available accepted species of anaerobic 
micrococci, w'cre obtained from other workers It was concluded that M mger 
M aclivus, HI acrogenes, M gngoroffi, and M anaerobius are valid species The 
one stram of M asaccharohjlicus available to us could not be distinguished from 
M acrogenes 

Three new species, HI prevolh, HI saecharolyheus, and M vanabihs were 
described, and one species, Veillonella gazogenes, was redesciibed and transferred 
to the genus Hltcroeoecus as HI laehlyhcus 
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Micrococcus lachhjhcus is a stnctlj’’ anaerobic microorganism that is indigenous 
to the mouth of man and possibly other ammals The metabohsm of this 
organism is interesting in that it fails to ferment sugars but cames out a vigorous 
fermentation of pjTuvate, malate, and lactate (Toubert and Douglas, 1948) 
Lactate fermentation in the absence of an additional hydrogen acceptor is rare 
among bacteria but has been found to occur in Propiombactenum (van Niel, 
1928) and Bulyribadcnum (Barker and Haas, 1944) 

This paper presents the results of quantitative experiments to determme the 
nature of the lactate fermentation conducted by M lacitlyltcus 

METHODS 

The results reported here were obtained vith one stram (T5) of M lactilyticus 
The fermentations vere conducted at 37 C m an all-glass fermentation vessel of 
the tjqie designed by Professor H A Barker of the Umversity of California 
The medium used contained 0 2 per cent Difco yeast extract and 1 per cent 
sodium lactate Under these conditions the fermentations were complete m 24 
hours, and the bacteria utilized 3 5 to 4 0 mM of lactate per 100 ml of medium 

The fermentation gases were collected over mercury and analyzed volumet- 
ncally Lactate was determined by the method of Barker and Summerson 
(1941) Volatile acids v ere determined quantitatively by the double distillation 
method of Fnedemann (1938) The identity of the volatile acids was tentatively 
determmed by the method of Osbum, Wood, and Werkman (1936) and venfied 
by partition chromatography The chromatographic method used was es- 
sentially a combmation of the procedures of Elsden (1946) and Ramsey and 
Patterson (1945) The mdividual acids, after resolution on sihca gel, were 
chromatographed with Imown acids to estabhsh their identity 

RESTXLTS 

The only fermentation products produced in detectable amounts from lactate 
by M lachlyiicus are propiomc and acetic acids, carbon dioxide, and hydrogen 
Table 1 summanzes the results of a typical fermentation The fermentation can 
he seen to be fairly similar to that earned out by the propiomc acid bactena, but 
it differs m that hydrogen gas is produced The ratio of propionate to acetate is 
considerably less than 2 0, the value required by the equation for the propiomc 
acid fermentation of lactate 

3 lactate — > 2 propionate -f acetate -f CO 2 

* Present address Department of Biology, Gonzaga University, Spokane, Washington 
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This IS to be eTpected, however, for on theoretical grounds the formation of each 
mole of hj^drogen gas should spare the reduction of 1 mole of lactate to propio- 
nate The data m Table 1 bear this out, the ratio, propionate -f hj’-drogen to 
acetate, is 1 99 


TABLE 1 


Fermentation of lactate by Micrococcus lactilylicus (T6) 
(mM per 100 mM lactate fermented) 


Propiomc acid 


63 7 

Acetic acid 


39 5 

Carbon dioxide 


39 1 

Hydrogen 


14 2 

Carbon recovery (%) 



0/R mdex 

■liH 



As cell suspensions were shown to have no action upon formate, the fermenta 
tion can be postulated to occur according to the foUowmg over-all reactions 

CHs CHOH COOH CHs COOH -}- CO 2 -f 4H (I) 

2H H 2 (2) 

CHa CHOH COOH -h 2H CH 3 CH 2 COOH (3) 

Hydrogen formation probabl}’- occurs by a diversion to hydrogen gas (equation 
2) of part of the available hydrogen produced m the oxidative phase of the 
fermentation (equation 1), vhereas propionate can be considered to anse from 
the reduction of lactate (equation 3) 


suaoiART 

Mtcrococcus lactilylicus carries out a propiomc acid fermentation of lactate, 
which differs from the classical propiomc acid fermentation m that hydrogen gas 
IS produced 
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TUE MICROBACTERIA 

I MoUI’IIOLOGICAL and PllASIODOGICAL ClUnACTDRISTICS 
I? VVMON]) N DOBTSCII and MICIIABL T PELCZAR, Jn 
Department of liaetenology, Umverstty of Maryland, College Pari , Maryland 
1{( rpi\c(l for piihlicntion Mnrdi 10, 1018 

The genus Mtaohadonm w is pioposcd hj Oila-Iensen in 1919 Four 
species i\eie desciilied, M7 , Miaoharlctiuni htclicum, Hftciohacleman flaviim, 
Mtaohaclrnuvi Itqtirfarirtt';, ind Miciohactci iiiin macnlciicinn The oiganisms 
of this genus pie«enlcd i phj siologic il gi idicnt Milh the siccliaroljdic acid 
foiniei {M larhnnn) at one cxticme ind llie piotcolytic gelatin hqiiefier (ilf 
hgucfacicvi) ’ll theofhei exlicme Latci (1921), iiitli lefeience to the taxonomic 
position of this genus, Oila-Tcn‘>en stated “Mtoohacleiutm is to be undeistood as 
merch i i)io\ I'-ional < oiled i\ e n inic foi giam-]iositn e lods of size a little smaller 
than ordinan bitten i In biological icspccts some of these lods {Bacillus 
actdophilus) ire closelj lelated to the tine lactic acid bacteiia, nlieieas others 
appioith the Tclracoccd oi the aeiobic bacilli ” No fuithei detailed investiga- 
tions Mcie m ide on this genus foi 14 ycais 

Robeitson (1927) encountcied M laclicitm in Ins stud}' of theimoduiic organ- 
isms isolated fiom heated milk IIis data agieed veil with those given by Orla- 
Jensen (1919) foi il/ laclicum An mteiesting conclusion of Robeitson vas the 
statement that il/ laclicum and Lactobacillus ihci mophilus weie identical How- 
ever, the desciiption of L Ihcrmoplnlus bj' Ayeis and Johnson (1924) leaves little 
doubt that these oiganisms aie distinctl}' different 

A x'aluable contiibution to oui Knovledge of the genus vas made by Wittern 
(1933) Hei M oik confiimed and extended that of Oila-Jensen (1919) A major 
portion of her investigation dealt with the taxonomic position of ilf mesentencum, 
which she allocated to the genus Mycobacterium Jensen (1932) made a mor- 
phological stud}' of the genus His obsei vations led him to the conclusion that 
M mesentencum was a pi oactinomyccs and hence should be Proaciinomyces 
meseniencus Othei recommendations by Jensen veie that M laclicum and 
M liquefaciens be designated as Corynebaclenum laclicum and Coiynebactenum 
liquefaciens Fuithei studies (1934) led him to the conclusion that ilf flavum 
was actually a Mycobacterium and therefoie should be designated as Myco- 
bacterium flavum 

Hansen (1938) found that hydiocyanic acid oi lodoacetate inhibited the 
respiration of ilf laclicum and indicated that the miciobacteiia differed from the 
true lactic acid bacteiia not only in catalase content but also m their hemin con- 
tent Speck (1943) took issue vuth the conclusions of Jensen (1932, 1934), 
stating that to place the Microbactenum in the genera Mycobacteiium or Coryne- 

* Telracoecus as used by Orla Jensen refers to acid-producing forms of Microcoecns and 
Sarctna Much of the acid they produce is acetic acid, and many liquefy gelatin The 
colonies are generally yellov, orange, or pink 
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hactenum on a morphological basis nas not justified He concluded tint un 
sj’’stem of classification should indicate a close lelationship between the gcnci i 
Mtc) ohactenum, Proptombaclemtm, and Lactobacillus 
Oila-Jensen (1943), in an attempt to show the taxonomic lelationsliips of tlio 
micfobacteria to othei gioups, naspiomptedtodiagiamtheii ven closeielation 
ship to the corynebacteiia and actmomycetes The Danish mastei, howcior, 
was nell awaie of the implications involved nhen he concluded, “Dei loll 
standigkeit halber habe ich — mehi odei wcmgei berechligeweisc — in itmcrcm 
System auch die Mikrobalvtei len und die Piopionibaktenen angcbracht Oh c? 
richtig ist, Corynebakteiien und Actinom 5 ’-ceten von den Miluobakteiien und i on 
Bm bifidum enispnngen zu lassen muss die Zukunft lehren ” 

The fifth edition of Bergey’s Manual (1939) places Mici obaetenum in tlic 
second genus of the family Bactcriaceae The foui species lecogmzed bt Oili 
Jensen (1919) are included in the genus In the sixth edition of this mamial 
(1948), the genus has been tiansfeired to the familj’' Lactobactci laccac and is tlic 
second genus of the tube Lactobacilleae M liquefaciens has been placed in an 
appendix to this genus and M mesentencum is classified as Nocaidta mesentenca 
It is apparent that conflicting opinions exist both as to the cliancteiizalion 
and the systematic position of these oiganisms This investigation presents 
data that may be of some sigmficance m evaluating their taxonomic position 

EXPERIMENTAL METHODS AND RESULTS 

Cidtures For the pui poses of this investigation, known cultui es w ei c i ecci\ ed 
fiom the sources indicated in table 1 In addition, oiigmal isolations neie made 
using the following proceduie Five-ml samples of law or pasteuiized milk were 
pipetted into sterile test tubes and heated at 61 C foi 30 minutes oi 73 C for 1(> 
seconds The samples weie cooled immediate!} in an ice bath pieccding llic 
prepaiation of decimal dilutions Oiigmally seveial media weie emplo}cd for 
the isolation of the miciobacteiia, but, diuing the couise of the invest igition, it 
was foimd that a medium of the following composition was at least cciun dent 
and sometimes supenoi to the othei s 


Peptone ^ 

Meatevtract 

Fructose ^ 

K.HPO, 0 K 

KH.PO< ^ 1 K 


Distilled water loouini 

Adjust to pit 7 0 before sterilization 

The inoculated plates weie incubated at 30 C for 3 di\s Muro'iopa 
piepaiations were made from colonies mcasuimg a few mm or Ic-s in di iiiiitir 
If shoit giam-positne, nonspoiing lods were pio^cnt, the t oloin was ti in-ff m< 
to litmus milk and incubated at 30 C foi 3 d n-, ifter wlmli time a Mil.. nUun 
was made to an agar slant After incubation the ig ir slant i iilturi w is < ii. . K(f 
to ascertain pimt} and then placed under lofrigcr ition for fiitim sli).J\ I ort\ 
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(iiltuio'' \\('U' iM)l lU'd in this in inin'i Of lliesc, livo icpicscnlativcs mcic in- 
( hull'd in tins stnd\ 

Unfoi(niul('l\ , inllnios of 1/ }j(jnrfncinis wcic not obtained eitlici by tlic 
isol it ion tednniine (lest 1 ibid ibmcoi fioiii the sointcs listed in 1 ible 1 

Cullutal r/annf/rnstirs Obsei \ at ions on the (oloni.il moiphology of the 
niKiobuteiii iisid in this stmh Mcie nude on stieik plate cnltnies gioiin on 
Difi o ti\ jitoiie ghu use e\ti 11 1 igii with skim milk idded and incubated 3 days 
It 30 C 


r\un 1 

jSoi/rr< niu/ (lr\ifitialion of cullinc^ 


rij-TlKi nrsirsMioN | coin mimmih 

SOLRCr or ClTLTURr'? 

If tnrliriun ! t 

“ “ 0 

M finnitii ' S 

“ “ 1 -I 

Prof b Orl V Icnspa, 

Hioilioimnl Tcrhiiunl Institute, 

Copenli igcn, Donnnrk 

“ Inclinim , S180 

“ j SlSl 

1 

\nipnciin 3 j pe Culture Collection, 

(loornctown bnnersitj, 

Wiisliington, D C 

“ Incitciiiii 513 

“ “ . 510 

" flaiiim ' 531 

“ “ j 511 

Dr Joluinnn Wcsterdijk, 

Ccntmilbure lu voor Scliinimelcultures, 

Un irn, NetbcrlsiKls 

“ laclicum 1 S 2 

“ “ 30 3 

“ flat urn 112 bl 

Or M L Speck, 

Nalionnl Dniri Rescarcli Laboratories, ^Inc , 
Baltiinoie, Marjlaiul 

“ laclicum ll’M3 

“ “ 3RM2 

“ “ IPMl) 9 

Microhaclcnum sp 3RiM5 

“ “ 3RtIb 1 

Original isolations, 

Lnivcrsitj ofMardand, 

C ollege Park, Marjland 


The smface colonies of M ladicum weie 0 25 to 0 50 mm m diametei Thej'^ 
weie pimctifoim, glistening, smooth, convex, peail white oi gray, tianslucent, 
and finely amoi phous They maj^ be desci ibed as “dew drop” colonies Cultures 
OJ3, OJG, S-2, 30-3, 513, 510, 8180, 1PM3, 3RM2, and 3PMb-9 weie of this tj^ie 
(figuie lA) Cultuies 342-Sl and 3RM5 were also of this type but w'eie cieam 
01 slightly j'^ellow m coloi 

The suiface colonies of il/ flavum aveiaged 2 0 mm in diametei They were 
glistening, smooth, convex, and cieam oi canaiy yellow^ They w'eie also 
geneiallj^ lound and possessed an even edge Cultuies 531, 534, OJ8, and OJ9 
were of this tjqie The pigment vaiied fiom the coloi of rich cieam (OJ8) to 
a very blight canaiy yellow (534) (figuie IB) 
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Ftgnre 1 V, surface colonies of 1/ lachctim S2 (XoJJ B, surf ice colonn^i of B 
flaiurn OJS (X5}) C, D, L, subsurface colonies of M lacticum 3HM2 (Xo7) 

The chief difference beti\ccn tlic colonies of 1/ laclicum and V Jlninm ap- 
peared to be one of color Generali} the colon} diameter of d/ larltrum a\crivd 
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0 5 mm, \\licicns (Ivit of flat urn i\cr igcd 2 0 mm This A\as not considered 
n distm(i;iii‘'hmp; ( li ii u (oiistu Siibsmficc (olonics \\eie usually lens-shaped, 
althouRli round, “himp\,” uid difiuve (olonies ucic occisionally encountered 
All of (lio'-o ''nhsuifiip coloiu t^pes (ould occui fiom the sime tulluie (hgmes 
IC, D, E) Gi o\\ ( h undci an ici ohic conditions w as much slow ei , i equiring 5 to 
7 d n s’ iiu 111) itioii it 30 C foi ( oloin foimalion, ind pigmentation was minimal 



Pigurc 2 Morphological U pcs of iI/icro6ac/criMm A, tjpel(4/ lacltcwn 3RM2) B, 
tjpe 2 {Mjcrobaclcnuyn sp 3RM5) C, tjpe 3 (il/ flavum OJ8) D, tjpe 4 (il/ laclicum 
513) 

Yeast extract pioteose peptone glucose broth cultmes of the orgamsms 
generally showed varying degiees of turbidity fiom faint to heavj^ Most of the 
cultures foimed a stiingy, viscid, sediment aftei 4 days at 30 C Agar slant 
cultures showed good surface giowth aftei 2 da 3 's at 30 C In the case of ilf 
laclicum, the growth was greenish white, white, oi gray Man}^ cultures showed 
a translucent film of giowth ovei the suiface of the slant M flavum gave 
rather heavi”- giowth, w'hich w^as usually cieam or canar 3 ’- yeUow 

Morphological characteristics The morph olog 3 ’- of the cultmes used in this 
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studv agreed ^\ith the descnptions of piev lous im estigatois .Vll of the cultnrp- 
weie found to be gram-positne (Huckei’s modification), iionmotile (liingmir 
diop), and nonspoiefoiming The^ showed bipolar giamihtion when st lined 
wath LoefBei’s metlnlene blue and weie non-acid-fast when stained with Ziclil 
Xeelson’s caibol fuchsin and decolonzed wath acid alcohol On the basis of cell 
moi-phologj", the cultmes hav e been aibitiaiih chvaded into foui tv pes as follows 



Ftnurc S Morphologic vi t\po I of miirob ictcrii a^slionn f>\ the c/cclron micro co;>^ 
(X ca 26,000) 1/ /nc/iciim strain 3RM2shadowod «ith chromium 

Type 1 Short, thin lods (0 5 toO 7 bv 1 4 to 2 1 p), occa'-ioii ilh c liib ‘•ii qK d, 
were regarded as the classical tv pe niorphologv of 1/ lacheum \ngii] ir md 
piliside airangements were frequent Iv noted in piepir itiuii' m idf from c iiltiin - 
grovvai on solid medn Grinuhtion was observctl when tlu ((II~ wirt uiic'l 
wath Loeffler s methvlene blue iiid w i- pronoiimcd m ( idtun ~ grown in mill md 
St lined vvatli New mm- Limpcrt stun Papri-cnt itiv cs of tin- t \ pr in -hounin 
figures 2\ and 3 The electron mitrogriph (figure 3) rcvi d- tbit tin <<I1 
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loutont'- no umiMiilh doii'-o ( ulluio'- 1HM2, 1PM3, 8-2, 30-3, 3Pj\Ib-9, 8180, 
nul SlSl no of tins t\p(> Oinnnsms lint .no pioh.iblj rcpic'^entalne of this 
t^polu^oboon notod b\ Oih-lonsm (1010), Roboitson (1027), Wittern (1933), 
Dull (10)3), nid Spoik (1011) 

7 )/pr 2 In this t\ po woio i ik i ob ii ill n \ nid ncdgo-slnpcd rods as described 
b\ Oil i-lons(>n (1010) nid h'lisin (1031) 1 lio oir inisms ie«embled micrococci 



Figure 4 Morphological t\pe 3 of microbactcria as shown the electron micrograph 
(X ca 20,000) 1/ /acHwi strain OJS shadowed with chromium 

In most instances the major a\is of the cell was onl} slightlj longer than the 
minoi axis They had diameters langing from 0 7 to 1 4 r Granulation was 
appaient in piepaiations made fiom milk cultures Cultures 3RMb-l, 516, 534, 
342-81, 3RM5, and OJG were of this tjpe (figure 2B) 

Type 3 M flaviim was lepiesentative of this t 3 ’pe The cells measured 
0 7 to 0 9 bjG 4 to 2 G R, and none weie obseived that were 10 long, a chaiacter- 
istic attributed to them bj’’ Oila-Jensen (1919) and Wittem (1933) Cultures 


44 RATJIOND N DOETSCH AND JIICHAEL J PELCZ VR, JR [^ OL of 

0 J8, OJ9, and 531 -n ere representatives of this type (figiii cs 2C, 4) Here aeun 
the electron nuciograph reveals the extieme density of the piotoplasni 

Type 4 This tj^ie had long, thin, filamentous cells This f} pe has been 
descnbed by Wittem (1933) as repiesentative of M mcsentci icum Culture 513 
Gabeled ilf lachcum) vas of this t 3 T)e It had an imusuallj^ long, threadlike 



Figure 5 Morphological tjpc 4 of microbactona as shonn b> the electron microscope 
(X 26,000) M lachcum strain 513 shadoned nith chromium 

appearance (30 p long) and diffeied maikedl} from all tultuies u‘-ed m this stud} 
(figmes 2D, 5) 

■V\Tienmicrobacteua were grown under anaerobic conditions, their morpliolog} 
was not sigmficanth altered The rod-shaped appear inte of some ( iiltiires was 
more difficult to detect and, in general, all weie more coccuslikc in appf irinte 
Physiological charackrishcs Forte pin sjologic il reactions wen (htcrmitad 
for each of the cultures the reMilt« of which are prc'cntc d in t ibk 2 1 la nicdi i 

and methods used conformed a‘; clo=eI\ is pos-ilde to tlio-r tlcsiribcd in !< ‘fl'i 
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V of tlio ^^aJlual of McUiodsfoi Pure Cvllurc Study of Bacteria (1944) Deter- 
miintions of c iiboln di'Uc, ‘ilcohol, iiid plucosido feinientations ■\\ere performed 
using a c}s(ino ngir base" to winch was added 1 per cent of the test substrate 
prcMousIy slcnlircd fiKiation Culluics weic incubated at 30 C, and the 
results wcie re id i( the end of 4 and S days’ incubation unless othennse indi- 
cated Acid production in skim milk w as determined after 7 daj’-s’ incubation at 


TABLE 2 


Phy^wlogicnl rcaclion't of the genus Mtcrohaclcnum 



0 = No ciiongo or no reaction 
A *= Acid 

•f *= Po3iti\o reaction or growth 
K •= Curdled 
R =» Reduction 

• All the cultures studied had the following choroctcristics glucose fructose and mannose were fermented rham- 
nose inuUn, adonitol and sorbitol were not fermented catalase was produced gelatin was not liquefied and indole 
and hydrogen eulfido Vi-cre not produced 


30 C Twenty ml of skim milk culture w ere titrated with 0 1 n sodium hydroxide 
to the phenolphthalem end point and calculated as lactic acid The heat 
resistance of the organisms was determined by subjecting a freshly moculated vial 
contaimng 5 ml of buffered glucose yeast extract broth (pH 6 6) to a temperature 

° Cystine 0 6 g, trypticase 20 0 g, agar 3 5 g, sodium chloride 6 0 g, sodium sulfite 0 5 g, 
phenol red 0 017 g, H 2 O 1,000 ml, pH 7 3 Provided by the Baltimore Biological Labora- 
tory, Inc , in dehydrated form 
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of 85 C for 2| minutes Immediately after this treatment, the vials v ere cooled 
m an ice bath and subsequently meubated at 30 C for 7 days to determine ni- 
bihty 

The orgamsms m the genus Mtcrobactenum employed m this study had the 
following physiological characteristics in common glucose, galactose, fructose, 
and mannose were fermented, catalase was produced, rhamnose, inuhn, adonitol, 
and sorbitol were not fermented, gelatm was not hquefied and indole and b}dro- 
gen sulfide were not produced 

Because of the fermentation of arabinose, xylose, raffinose, and glycerol 
it was evident that some of the orgamsms differed from the typical reactions 
of either M lacticum or M flavum by fermenting all of these substrates This 
group, which attacked the widest range of carbohydrates, has been tentativclj 
designated as Microbacienum sp Table 3 presents a grouping of the cultures on 
the basis of arabinose, xylose, raflSnose, and glycerol fermentation Tivo cul 
tures received from other sources designated as M flavum (cultures 534 and 342 

TABLE 3 


Differential biochemical reactions of M lacticum, M flavum, and Mtcrobactenum sp 


SPECIES OP iirCEOBACTEEIUK 

AEABINOSE 

XYLOSE 

EAP^^OSE 

CLYCESOl 

M lacticum (9 cultures) 

0 

0 

0 

0 

flavum (3 cultures) 

0 

0 

0 

0 

Mtcrobactenum sp 

634 

0 

A 

A 

A 

342-Sl 

A 

A 

A 

A 

3RM5 

A 

A 

A 

A 

3RIMb-l 

A 

A 

A 

A 


0 = No change 
A = Acid 


SI), as well as tv o ongmal isolations, have been placed vnth the group designated 
as Mtcrobactenum sp Sigmficantly, all four of these cultures are of morpho- 
logical type 2 The group designated as Mtcrobactenum sp attacks the vndcst 
range of carbohydrates with the production of acid M lacticum is compara- 
tively less active in this respect, vhereas M flavum attacks the least number of 
carbohydrates None of the microbactena produced gas from carbohydrates 
detectable b 3 ^ the usual cultural techmques 

The microbactena are veakly proteolytic, if at all, since they neither liquefied 
gelatm nor digested the casein of unneutrahzed skim milk Hydrogen sulfide 
and mdole v ere not produced Reduction of mtrate by M lacticum v as \ anabic, 
but none of the tjqucal M flavum strains vere able to effect this change It is 
apparent that this charactenstic is of limited value m identifyung species o 
Mtcrobactenum 

Although M lacticum vas reported to be able to sum\e 85 C for 2, minute 
m milk, onlj 3 of the cultures used in this study v ere able to sun u e this treat- 
ment m yeast extract proteose peptone broth (pH 0 G) Undoubtedb . the nu 
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itself enhances the thermal resistance of the organisms Although valuable for 
isolation purposes, thermal resistance docs not appear to be a satisfactory 
characteristic for classification of the niici obactcria Determinations of this 

type present manj" difficulties that have been emphasized by Rahn (1945) 
Although Orla-Jcnsen (1919) reported that M flavum grew as a flaky precipi- 
tate in 10 per cent salt broth, this characteristic was not observed Growth m 
the salt broth appeared ns a viscous sediment similar to that which appeared m 
the salt-free broth 


SmtMAnV AND KET 

From the foregoing data the follownng charactenzation of the microbactena is 
presented 

(1) Microhaclcnum sp Gram-positive, nonsponng, nonmotile, w'edge-shaped 
or coccobacillary rods (0 7 to 1 4 /i diameter) Non-acid-fast 

Form small surface colomes about 1 mm in diameter Colonies smooth, 
round, convex, glistening, white or gray Internal structure amorphous 
Catalasc-positue 

Acid in litmus milk, no coagulation 
Gelatin not liquefied 
Indole not foimed 
Hydrogen sulfide not formed 

Acid from arabinose, xjdose, glucose, galactose, fructose, mannose, cellobiose, 
lactose, melibiose, sucrose, trehalose, raffinose, and glycerol 
Aerobic, facultatively anaerobic 
Optimum temperature 30 C 

(2) Microhadenum laclicum Gram-positive, nonsponng, nonmotile, short 
rods (0 5 toO 7 by 1 4 to 2 1 /i) Non-acid-fast Granulated when stained with 
methylene blue Charactenstic angular and side-by-side arrangements m 
preparations made from sohd media At times appear coccobacillary or wedge- 
shaped 

Colomes same as Micrdbadenum sp 
Catalase-positive 

Acid in htmus milk, coagulation vanable 
Gelatm not hquefied 
Indole not formed 
Hydrogen sulfide not formed 

Acid from glucose, galactose, fructose, mannose, maltose, dextnn, and usually 
starch Fail to ferment arabmose, rhamnose, xylose, melibiose, rafifinose, and 
glycerol 

Aerobic, facultatively anaerobic 
Optimum temperature 30 C 

(3) Microbaclenum Jlavum Gram-positive, nonsponng, nonmotile, short 
rods (0 7 to 0 9 by 1 4 to 2 6 /i) Non-acid-fast Granulated when stamed with 
methylene blue May appear coccobacillary or wedge-shaped 
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Fom small surface colomes about 2 5 mm m diameter Colonies smooth 
round, convex, glistemng, cream or canary yellow 
Catalase-p ositive 
Litmus milk unchanged 
Gelatm not liquefied 
Indole not formed 
Hydrogen sulfide not formed 

Acid from glucose, fructose, mannose, and mannitol No acid from arabinosc, 
rhamnose, xylose, raffinose, dextrin, starch, or glycerol 
Aerobic, facultatively anaerobic 
Optimum temperature 30 C 

The followmg key has been constructed that may aid in the identification of 
the microbacteria 

I Acid from glycerol and raflBnose 
A Acid from arabmose and xylose 

1 Mtcrohaclenum sp 

II No acid from glycerol and raffinose 
A Acid from maltose and starch 

2 Mtcrohaclenum lacticum 

B No acid from maltose and starch 

3 Mtcrohaclenum flavum 
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Evans (1947) has reported that treatment of sea water with X-radiation dele- 
tenously aflects the survival and activity of Arhacia eggs and sperm This 
effect can be duplicated by H 2 O 2 and can be completely negated by the addition 
of catalase Such biological effects of irradiations have been studied m a num- 
ber of laboratories (Barron cl al , 1947, Giese, 1947) Stone el al (1947, 1948) 
mcreased the mutation rate of Staphylococcus aureus to penicillm and strepto- 
mycin resistance by ultraviolet irradiation of the substrate prior to moculation 
of the organisms They suggest that the mutant mdividuals arise as a result 
of the assimilation of modified substrate molecules A similar enhancement 
of the mutation rate results when the organisms are grown m a nutrient broth 
that has been treated with hydrogen peroxide prior to moculation (Wyss, Stone, 
and Clark, 1947) Since very sensitive chemical methods failed to show any 
residual hydrogen peroxide at the tune of inoculation of the treated broth, the 
mechanism appears analogous to the irradiation experiments 

The similarity of the effects produced on proteins and peptones by H 2 O 2 and 
radiations has been re\ lewed by Amow (1937) Femau (1923) concluded that 
the results of a treatment with Roentgen rays, ultraviolet, and alpha particles 
on albumin solutions were identical ivith those produced by peroxide Lieben 
(1927) states that the disappearance of the color reaction for tyrosine and trypto- 
phan m protemaceous solutions exposed to ultraviolet can be duplicated with 
H 2 O 2 After the solutions stand for several days, the color reactions reappear 
This process can be hastened by the addition of spongy platmum to decompose 
traces of peroxide in the solutions However, Taylor, Greenstem, and Hollaen- 
der (1948) showed that the changes in viscosity of sodium thymus nucleate 
solutions that occurred followmg X-radiation could not be duplicated by H 2 O 2 
at 10~® to 10~® M 

It IS generally agreed (Duggar, 1936, Heyroth, 1941) that the major portion 
of the action resulting from the direct treatment of organisms with radiation is 
not due to peroxide Yet, Thoday and Read (1947) have demonstrated that 
the X-radiation of Vtciafaha m the absence of oxygen resulted m a significantly 
lowered mcidence of chromosomal aberrations Crabtree and Cramer (1934) 
report the inhibition of tumor cells by radiation to be dependent on oxygen 
Even the complete absence of oxygen does not preclude peroxide formation m 
an irradiated aqueous medium 

The nature of the substrate that is subjected to irradiation will determme the 

61 



52 


WYES, CIM.RK, HA^S, AND STONE 


[voL 56 


type of reaction Baumgartner (1936) notes that the irradiation of carbohy- 
drates results in a marked production of acids, approximately half of which is 
formic Bactenal growth is inhibited but occurs if sufficient base is added to the 
medium to neutralize the acid Stevens (1936) reviews the literature on oil ir- 
radiation and reports expenments provmg that peroxides are the only bacter- 
icidal substances m emulsions of irradiated cod-liver oil Treatment of mucoid 
strains of pneumococci and Fnedlander’s bacilli with sublethal doses of the ir- 
radiated oil results m dissociation to mtermediate types Stevens pomts out 
that the peroxides adhered to the organisms and that their antibactenal action 
continued even after the organisms were removed and resuspended m solutions 
of dilute reducing substances Photographic plates were fogged by exposure to 
the irradiated oil, indicating either secondary radiations or a volatile oxidizing 
substance Blank and Arnold (1935) found that irradiation of nutnent agar 
with ultraviolet light produced a nonvolatile, thermostable, toxic substance that 
was capable of diffusing through the medium 

In our work on the mduction of mutations by irradiation of the substrate with 
ultraviolet we have investigated the inhibitions resultmg m irradiated medium 
and the relationship with the mutation phenomenon 

EXPERIMBNTAD RESULTS 

Stenle nutnent broth was exposed in a large petn dish so that the depth did 
not exceed 3 millimeters at a distance of 10 cm from the arc of a Hanovia SC 
2537 lamp operating at 100 milliamperes After a suitable exposure tune the 
broth was transferred aseptically to a stenle bottle and moculated immediately 
from a log phase culture of S aureus FDA strain no 209 Plate counts were 
made in nutnent agar to which penicillm and streptomycm were added when 
mdicated The catalase was a special sample that had no preservative added 
and was obtamed from the Vita Zyme Laboratones, Chicago, Illinois It was 
stenlized by filtration and contained about 1 per cent active protein Concen- 
trations of catalase expressed m the results are percentages of this solution 

When the young culture of S aureus was inoculated at the rate of 100,000 
cells per ml mto irradiated broth, growth occurred dunng the first 2 hours 
After this, m the broth irradiated 10 mmutes under the conditions detailed above, 
cell multiplications ceased and the number of cells remained constant for several 
hours, but eventually growth resumed In broth irradiated for 20 minutes, 
mitial growth occurred, but then multiplication stopped and the population re- 
mained constant for an extended penod or declined slightly In broth irradiated 
for 30 mmutes, again an mitial growth occurred that ceased at 2 hours, and the 
population then decreased rapidly Such population curves differ markedly 
from those obtained by the action of most dismfectants In fact, this mitial 
multiplication is very sunilar to that which occurs when cells are irradiated di- 
rectly Lea (1947, p 325) observes that a bactenum “killed” by irradiation 
will divide once or even twice after being sown on a nutnent medium but will 
not give nse to a colony There is the difference that although the organisiM 
do not contmue to divide promptly m our irradiated medium, they do form col- 
onies when removed, diluted, and plated on nutnent agar 
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The size of the inoculum is an important factor m these experiments as is 
shoiTO on figure 2 In broth irradiated for 30 minutes, an inoculum of 10^ cells 
per ml groiNS as i\ell as the control With mocula of one-tenth that many cells, 
growth is tcmporanlj arrested between the second and fourth hours, whereas 
10' cells per ml die ofT rapidly after a slight initial growth The experiment 
repeated with the inoculum washed twice by centrifuging with saline gave es- 
sentially identical results This suggested an intracellular enzyme, and the 
addition of 0 05 per cent of the sterile catalase solution to the broth before inocu- 
lation completelj remo\ ed the inhibitory principle even m broth that had been 
irradiated for 30 minutes The normal grow th curve could be obtamed m such 
catalase-treated broth e\ en with small mocula 



lisa In Esurs 

Figure 1 Growth of S aureus in irradiated broth 1 Controls 2 Irradiated for 10 
nunutes 3 Irradiated 20 minutes 4 Irradiated 30 minutes 

The amount of h3’'drogen peroxide present m the irradiated broth cannot be 
measured by the TiClj method (Wyss, Stone, and Clark, 1947) Therefore, an 
attempt w as made to estimate the amount of peroxide produced by our lamps 
Considerable t anation occurs not only among various lamps, even of the same 
make and model, but also wuth the age of the lamp Measurement of the m- 
crease m peroxide m irradiated distilled water revealed that about 1 4 ppm 
H2O2 was obtamed as a maximum Obxaously, at such a concentration the rate 
of photodecomposition of the peroxide is equal to its formation But if one 
extrapolates the mitial rate of peroxide formation (the dotted Ime m figure 3) 
and assumes that m nutnent broth the peroxide reacts with the broth components 
as soon as it is formed, one has a crude measure of the dosage of the broth with 



54 


WTSS, CLARK, HAAS, AND STONE 


[voL 56 


peroxide formed by the different times of irradiation Various doses of HjOa 
were added to broth, and the biological action of such broth was compared with 
broth irradiated for the time indicated by figure 3 as producing an equivalent 
peroxide concentration The results indicated that the behavior of such equi- 
valent broths on both inhibition of growth and the production of mutations was 
Bimilar 

Tills suggests that the catalase is deconiposiiig not only hydrogen peroxide 
but also some organic peroxide or other oxidized molecule present m the broth 
Confirmation of this was obtamed by measurmg the oxygen output of irradiated 
broth when mixed with catalase Five ml of strongly inadiated broth^were 
placed m a Warburg respirometer and 0 05 ml of the catalase solution were 



Time In Eburs 

Figure t Effect of inoculum sire on growth of S aureus in irradiated broth 


placed m the side arm After equilibration the enzyme was mixed with the 
broth and the evolution of gas was measured The controls mcluded irradiated 
broth with heat-mactivated catalase and without catalase, and nonirradiated 
broth with catalase Another control was mcluded with KOH m the center cup 
to rule out the production of CO 2 from the irradiated broth by a decarboxylase 
contammant of the catalase Actually, m broth irradiated for an hour we found 
an O 2 output equivalent to 18 ppm H 2 O 2 The oxygen evolution was complete 
withm a few mmutes after the catalase was dumped from the side arm A 
t 3 q 3 ical experiment is recorded m table 1 

The effect of inoculum size on the mutation rate to penicillin and streptomycm 
resistance is recorded m table 2 It will be observed that m irradiated broth 
with an inoculum size of 1 million cells per ml a marked enhancement of the 




Five ml of broth per flask + 0 05 ml catalase in the side arm where indicated 


TABLE 2 

Effect of inoculum size on mutation rate in irradiated broth expressed as mutants per million 


n*ocuLint 

1 

TrT^'TrTT_T_TV IIUTAKTS 

SraEPTOitYCDi lrUTA^^S 

Irradiated 

1 Controls 

Irradiated 

Control 

rtl 

w 

8 

6 

35 

25 


24 

3 

1,435 

63 

1(F 

34 

4 

2,100 

59 
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mutation rate is observed and that with smaller inocula this rate is increased 
somewhat However, when larger inocula are used, the mutation rate drops to 
that of the control cultures The experiment repeated with washed inocula 
gave identical results When catalase is added to the broth before or after the 
irradiation, the mutation rate to penicillin and streptomycin resistance of cul- 
tures groivn m such broth remained essentially that of the control cultures 
If HjOz IS an important cause of mutation, it should be possible to enhance the 
natural mutation rate of S aureus by adding to the medium a poison for the en- 
zyme catalase Azide, which is a general poison for iron-porphynn type enzjunes, 
will not only inhibit catalase, the enz3Tne-destroymg peroxide, but will also 
mhibit the cytochrome system, thus forcmg more of the aerobic respiration 
through the peroxide-producmg spontaneous oxidation of the flavoprotem en- 
zymes Experiments m which the staphylococci were grown m submhibitory 
concentrations of sodium azide showed a marked increase m the rate of mutation 
to penicillin-resistant and streptomycm-resistant forms 
The mutatmg effect of H2O2 on washed cells of jS aureus was tested m a senes 
of experiments When 10 to 1,000 ppm of H2O2 were allowed to kill a large per- 
centage of the washed cells suspended m salme and the survivors were assayed 
for mutants, it was found that the mutation rate did not differ from that of the 
control population If the washed cells of vhich a large fraction were killed by 
H2O2 were moculated mto nutnent broth and allowed to grow, the resultant cul- 
ture showed no enhancement of the mutation rate 

SUMltAEY AND CONCLUSIONS 

There is a marked similanty between certam biological effects produced by 
ultraviolet irradiation of nutnent broth and by the addition of hydrogen peroxide 
to the broth The effects of both can be negated by catalase Because the di- 
rect action of peroxide on the cells in the absence of an organic substrate failed 
to mcrease the mutation rate it seems reasonable that the results are due to the 
direct or mdirect interference of an organic peroxide m some metabolic function 
Whether the catalase reacts with the organic peroxide (or other oxidized molecule) 
or only with the hydrogen peroxide in equilibnum with it, is not known In 
either case, smce the cells studied contain active catalase, it is necessaiy to postu- 
late that some reaction must occur such as the union of the labile substance with 
an anabolic enzyme, which protects the mutating molecule from the catalase of 
the cell 

REFERENCES 

AH^ow, L E 1936 Effects produced by the irradiation of proteins and amino acids 
Physiol Revs , 16, 671-685 

Babron, E S G , Dickman, S , and Singer, T P 1947 On the inhibition of enzymes by 
lomzing irradiations Federation Proc , 6, 636 
Baumgartner, J G 1936 Ultra-violet irradiated carbohydrates and bacterial growth 

J Bact , 32, 75-77 

Blank, I H , and Arnold, W 1935 The inhibition of growth of Bacillus subhits by 
ultra-violet irradiated carbohydrates J Bact , 30, 507-511 



1948) BIOLOGICAL ErraCTS or PBKOXIDE on inHADIATED BROTH 67 

CnADTnrE, II G , ano CnAJirn, W 1931 Action of radium on cancer cells II Some 
factors determining susceptibility of cancer cells to radium Sci Repts Invest Imp 
Cancer Research Fund, 11, S9-101 

DoooAn, B M 1930 Biological effects of radiation McGraw-Hill, New York 
E\ans, T C 1947 Effects of lijdrogcn peroxide produced in the medium by radiation 
of the spermatozoa of Arbacta punctulala Biol Bull , 92, 99-109 
Fernau, Von A 1923 Eiiiige Ffille analoger Wirkung von Strahlung und Ozon auf chem- 
ischc und Kolloidrcaktionen Kolloid Z , 33, 89-92 
Giese, a C 1947 Radiations and cell division Quart Rev Biol , 22 , 253-282 
Hetroth, F F 1941 The chemical action of ultraviolet rays Reinhold, New York 
Lea, D E 1947 Action of radiations on living cells Macmillan Co , New York 
Lieben, F 1927 Hbcr die Wirkung der Bclichtung auf Tj rosin und Tryptophan in 
Eincissvcrband Biochcm Z , 187, 307-314 

Stevens, F A 1936 The bactericidal and photochemical properties of irradiated cod 
liver oil and an ozonide of olive oil J Bact , 32, 47-56 
Stone, W S , Haas, F , Clark, J B , and Wvss, O 1948 The role of mutation and selec- 
tion in determining the occurrence of mutations in irradiated broth Proc Natl 
Acad Sci U S ,34, 142-149 

Stone, W S , Wvss, 0 , and Haas, F 1947 The production of mutations in Staphylo- 
coccus auTCus bj irradiation of the substrate Proc Natl Acad Sci U S , 33, 59-66 
Tatlor, B , Greenstein, J P , and Hollaender, A 1948 Effects of X-radiation on 
sodium thymus nucleate Arch Biochcm , 16, 19-31 
Thodat, j M , and Read, J 1947 Effect of oxygen on the frequency of chromosome 
aberrations produced by X-ray Nature, 160, 608 
Wtss, O , Stone, W S , and Clark, J B 1947 The production of mutations in Staph- 
ylococcus aureus bj chemical treatment of the substrate J Bact , 54, 767-772 




THE EFFECT OF HUMAN SERUM ON THE DILUTION 
BIOASSAY OF PENICILLINS G, X, AND K 

HARRY EAGLE and HAROLD A TUCKER 

Laboratory of Experimental Therapeuttes of the U S Public Health Service and the Johns 
Hopkins Uniiersity Venereal Disease Researeh and Post-Graduate Training Center, 

Baltimore B, Maryland 

Received for publication March 25, 1948 

It was shown by Bigger in 1944 that, contrary to earlier reports, serum m- 
activ ated penicillin and influenced markedly the results obtamed in its bioassay 
It was subsequently found (Eagle, 1947a) thatK was far more susceptible m this 
regard than the other molecular species of pemcilhn It was further shown that 
penicillm was bound by serum protein (Chow and McKee, 1945), and that peni- 
cillm K was bound to a greater degree than X, G, or dihydro F (Tompsett, 
Schultz, and McDermott, 1947) 

Both the mactivation of peniciUm and its bmdmg varied with the serum con- 
centration In order to elimmate or at least to mmimize this compheatmg factor 
m the bioassay of penicillm by a dilution method, Tompsett and his coworkers 
added normal, pooled human serum so as to equalize its concentration m all 
the assay tubes It is the purpose of this communication to present a table of 
corrective factors that compensate for the mhibitory effect of vanous concentra- 
tions of human serum on the assay of penicillins G, X, and K m the modified 
Kirby-Rantz method previously described (Eagle, 19476) With the application 
of these factors it becomes unnecessary to complicate the assay by the mtroduc- 
tion of added normal serum 

METHODS AND MATERIALS 

Eleven individual human sera were tested with respect to their effects on the 
bioassay of pemcillins G and K Four other mdividual sera were separately 
tested with penicillm X, these results paralleled closely four additional deter- 
mmations with a specimen pooled from approximately 25 patients 

In the control assay contammg no serum, varymg amounts of a pemciUm 
solution m broth (0 8, 0 72, 0 6, 0 48, 0 4 ml, etc ) were adjusted to a total volume 
of 0 8 ml wath broth A 4 per cent broth suspension of human group 0 erythro- 
cytes was inoculated with the C-203 stram of Streptococcus pyogenes Tins was 
then added to each tube m the amoimt of 0 5 ml to serve as the hemolytic mdi- 
cator The end pomt was the tube contammg the smallest amount of pemcilhn 
that had completely prevented hemolysis after 6 hours’ mcubation at 37 C 
followed by 10 hours at room temperature 

In order to determme the effect of serum on the results of this assay, dilutions 
of pemcillm m 96, 48, 24, 12, and 6 per cent human serum were smularly dis- 
tnbuted, and the volume was adjusted to 0 8 ml with the correspondmg penicil- 
hn-free serum dilution For example, one volume of 1 1,000,000 pemcillm m 
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broth was diluted with 24 volumes of 50 per cent serum to give a 1 25,000,000 
dilution m 48 per cent serum This was distributed and the volumes adjusted 
to 0 8 ml by the addition of 48 per cent serum m broth The amount of peni- 
cillin necessary to inhibit hemolysis m the presence of vaiymg concentrations of 
serum compared to the amount necessary m its absence provided a direct measure 
of the degree to which the penicilhn activity had been inhibited by serum 


TABLE 1 

The effect of human serum on the bioassay of penicillins G, X, and K 
(For technique of assay, see text) 


PE VI 
CILLIN 
SPECIES 


CONCEVTKATION OP 
SEEOU (%) IN 
PENICILLIN ASSAY* 


In seram 
dilution 


90 

48 

24 

12 


After addi 
tion of red 
blood cell 
suspension 


59 
29 S 
14 8 
7 5 


EZLATIVE ACnVITYt OF PENICILLIN SESUU NOltBEB 


25 

SO 

55 


- 38 


[90] 

83 

100 


llO^llOi 


28 42 
4250 
67 67 
83 83 


38 

45 

75 

90 


10 


3845 
'6045 
90,60 
100 


EELATIVE 

ACiivirv 


Mean 


2534 7j 
3851 8 
60'72 5| 
100 97 


Me- 

dian 


Mean, 


38 

50 

67 

100 


COEEECnVI 

paciob} 


2 9 
1 9, 
1 
1 


Me- 

dian 


26 
20 
1 6 
1 0 


X 


96 

48 

24 

12 

6 


59 

29 5 
14 8 
7 5 
3 8 


40 

60 

80 

90 

100 


50 

60 

80 

100 

100 


40 
60| 

80| 80| 
100 100 


4647 
6060 
75 75 
9090 


90.100|100.100,98 


50 

'63 

'85 

'85 

85 


'45 61 
|60 
i78 s; 
93 

196 7 


46 

60 

80 

90 

100 


2 2 | 
1 7, 

I s! 

I I 
1 0 ' 


22 
I 7 
1 3 
1 1 
1 0 


K 


96 

48 

24 

12 

6 


59 

29 5 
14 8 
7 5 
3 8 


3 5 
8 41 
19 
38 
56 


20 

40 

67 

100 


17 

30 

n* 


60 60, 


60,100| 80l 


4 6 

io;i3 

30^15 

3340 

60 60 
I 


6 -I 6 
12 5 15 12 5 


40 

'50 

67 


15 30 
j60 50 
80 67 

I 


5 5 
10;i3 5| 
25 27 9 
50 50 
60,71 8] 


5 5. 
13 
30 
50 
67 


18 il8 2 


3 6 
2 o| 
1 41 


7 7 
3 3 
2 0 
1 6 


* Smallest amount of serum which, brought up to a total volume of 0 8 ml and incubated 
with 0 5 ml of a human red blood cell suspension, completely inhibited hemolysis by the 
C-203 strain of Streptococcus pyogenes 

t For example, 0 1 ml of serum in total of 0 8 ml ■=> 12 5 per cent, after the addition 
of 0 5 ml of red blood cell suspension used as the hemolytic indicator, the serum concentra 
tion becomes 8 3 per cent 

J That IS, the factor by which the apparent penicillin content of a given serum dilution 
must be multiplied in order to correct for the inhibitory effect of the serum on the assay 


RESULTS 

All the experiments with pemciUms G, X, and K m human serum are sum- 
marized m table 1 The median inhibitory effect of vaiymg concentrations of 
human serum on the activity of these penicillins is shown graphically m figure 
1 As had been prenously shown, it was apparent that the assay of penicillin 
K was affected to a far greater degree than that of the other species of penicillin 
As little as 6 per cent serum had a significant effect on the bioassay of penicillm 




Figure t The effect of human serum on the bioassay of penicillins G, X, and K In- 
creasing the concentration of human serum diminishes progressively the in vtlro activities 
of penicillins G, X, and K 


TABLE 2 


The effect of human scrum on the bioassaij of penicillins O, X, and K interpolated 

correetive factors 


AUOONT or StEOM IN 
INDICATOB TODE 
or ASSAY,* ML 

j PESCENTACE Or SESOU IN INOICATOE TVBEf j 

COESECnVE rACTOPS (UEANS)t 

Before addition of red blood cells 

1 

After addi 
tion of red 
blood cells 

G 

X 

K 

0 8 

Whole serum 

a 

100 

61 5 

27 

23 

18 2 

0 7 

1 1 1 

>= 

87 5 

54 

2 6 

2 2 

16 6 

0 6 

1 1 3 

o 

75 

46 

2 4 

2 0 

12 7 

0 6 

1 1 6 

B 

62 5 

38 5 

22 

1 8 


0 4 

1 2 

B 

50 

31 

20 


7 7 

0 3 

1 2 5 

B 

37 5 

23 




0 2 

1 3 


25 

15 5 

BB 

BB 

4 5 

0 15 

1 4 


18 7 

11 5 

Bl 

BB 

3 3 

0 125 

1 6 5 

B 

15 6 

9 5 

■s 


2 4 

0 1 

1 8 

B 

12 5 

8 

I 1 1 

1 1 1 


0 05 

1 16 

B 

6 3 

4 

1 0 

1 0 

1 5 

<0 05 

1 32+ 

B 

<3 

1 <2 

1 0 

t 1 0 

1 0 


* Smallest amount of serum which, brought up to a total volume of 0 8 ml and incubated 
with 0 5 ml of a human red blood cell suspension, completely inhibited hemolysis by the 
C-203 strain of Streptococcus pyogenes 

t For example, 0 1 ml of serum in total of 0 8 ml = 12 5 per cent, after the addition of 
0 5 ml of red blood cell suspension used as the hemolytic indicator, serum concentration 
becomes 8 3 per cent 

t Factors by which the apparent penicillin concentration in the serum must be multiplied 
to compensate for the inhibitory effect of serum in the assay 
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K, whereas 12 and 24 per cent appeared to be the limiting concentrations in the 
cases of penicillms X and G, respectively In the presence of 96 per cent serum, 
penicillins K, G, and X were only 5 5, 35, and 46 per cent as active, respectively, 
as they were m its absence, and to compensate for that mhibition, the apparent 
activities would have to be multiplied by their reciprocals (18, 2 6, and 2 2, 
respectively) as corrective factors These corrective factors, at a senes of serum 
concentrations, are tabulated for each type of peniciUm m the last columns of 
tables 1 and 2 

The practical aspects of these corrective factors he m the fact that they can 
be used to compensate for the mhibitory effect of serum on the apparent penicil- 
Im content of a given serum specunen Thus, in the dilution technique under 
present consideration, if the mdicator tube of the assay (smallest amount of se- 
rum that mhibited hemolysis) contained 0 3 ml of serum m a total volume of 
0 8 ml, the percentage of serum on the mdicator tube, prior to the addition of 
the red blood cell suspension, was 0 3/0 8 = 37 5 per cent As is mdicated m 
table 2, for example, the corrective factor for penicillin K at that concentration 
of serum is 6 3 If the apparent penicillm content of the specimen was, e g , 
0 32 micrograms per ml, this value multiplied by the corrective factor of 6 3 
gives as the actual penicillin concentration of the serum, corrected for the m- 
hibitory effect of serum m the assay, the value of 2 micrograms per ml 

These findmgs are of pnmary interest to the investigator concerned with the 
pharmacology and mode of action of penicillm For the physician, the uncor- 
rected concentrations may be more useful since such values more nearly represent 
the concentrations available for distribution to the tissues tn vivo 

It is apparent that these corrective factors can be applied retrospectively to 
previous studies m which the same assay technique had been used For other 
methods of bioassay, it would be necessary empincally to denve smiilar tables 
of corrective factors 
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In this brief rcvicn of the problem of the genetic aspects of the ongin of bac- 
terial resistance to antibiotics, I intend to discuss mainly work done in my lab- 
oratory I shall (1) offer evidence that bacterial resistance to penicillin and 
streptomycin is not induced by these compounds but originates spontaneously 
through genetic changes comparable to gene mutations, (2) describe the resist- 
ance patterns observed in experiments ivith penicillin and streptomycin, and 
(3) outline a possible mechanism responsible for resistance, and for the differ- 
ences between the resistance patterns observed with penicillm and those observed 
with streptomycin 

All experiments were done tn vtlro Penicillin was tested with Staphylococcus 
aureus, stram NRRL 313 (Demercc, 1945o), and streptomycin was tested with 
the same strain of <5 aureus and mth Escherichia coh, stram B The strep- 
tom3''cin was obtained from Chas Pfizer & Co , New York, at a time when this 
compound ivas still very scarce, and I wish here to acknowledge theu" generosity 
In all the ex-penments bacteria vere first grown in broth cultures without any 
penicillin or streptorai'cin, these were used only in the tests for resistance, made 
by growing bacteria on broth agar plates contammg various concentrations of 
one or the other antibiotic 


SURVrVAI, CURVES 

Figures 1 and 2 show the behavior of our stram of S aureus when plated on 
nutnent agar plates to which specified amounts of penicillm (figure 1) or strep- 
tomycin (figure 2) had been added It is evident from these curves that on low 
concentrations of either antibiotic all bacteria survived and formed colonies 
Threshold concentrations are indicated on the curves by sharp breaks, the num- 
bers of survivors decreasmg very rapidly with mcrease of concentrations The 
slope of the curves is very steep at concentrations near the threshold, but levels 
out as concentrations become increasingly higher These curves show that we 
were dealing with mixed populations of types sensitive to antibiotics and types 
more or less resistant Sensitive bacteria made up by far the largest portion of 
the populations 

The two curves are very similar m the region of lower concentrations A 
stnkmg difference is evident, however, m the region of higher concentrations, 
on the medium contammg streptomycin, survivors contmued to appear even at 
the highest concentration used m the experiments 

^ Substance of a paper delivered at the Symposium on Antibiotics at the Chicago meet- 
ing of Section N of the American Association for the Advancement of Science, December 30, 
1947 
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Tests of suiTiyors confirmed the conclusion mdicated by the survival curves 

^ concentrations of either 

penicillin or streptomycin proved to be more resistant to the respective compound 
and grew on concentrations at least as high as those of the plates from which they 



Figure 1 Survival curves for Ctaphylococcus aureus plated on nutrient agar containing 
various concentrations of penicillin The six light curves represent results of six independ- 
ent experiments, and the heavy curve represents the average of these expenments 


had been isolated It was found that resistance to one of these antibiotics is 
mdependent of resistance to the other, that is to say, strains with increased re- 
sistance to penicillm are still sensitive to streptomycm, and vice versa It seems 
unnecessary to discuss m detail the by now well-established fact that strams that 
once become resistant as a rule contmue so 
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ORIGIN OF RESISTANCE 

The numerous experiments made m gathering the data for the survival curves 
showed clearly that in large populations of bacteria there were always some indi- 
viduals more resistant to the antibiotics than others Smee we used very small 



Figure S Survival curves for Slaphylococcus aureus plated on nutrient agar containing 
various concentrations of streptomycin 


mocula (50 to 300 bacteria), the proportion of resistant bacteria was too smaU 
to account for their presence by assummg that they came about through division 
of one or more resistant individuals that may have been present in the moculum 
Therefore the resistant individuals must have ongmated in the experimental 
cultures Two alternative possibilities were considered with respect to the 
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mechanism of this origin (1) that resistance was mduced by some mteraction 
between the antibiotic and the bactena when they were together on the plate, 
and (2) that it originated mdependently of the antibiotic, by mutation, the anti- 
biotic actmg only as a selective agent m the isolation of mutants by destruction 
of sensitive bacteria 

A relatively simple method was available for distmguishing experimentally 
between these two possibilities It was devised by Luna and Delbruck (1943) 
m a study of the origm of bactenal resistance to bactenophages, and was adapted 
for work with antibiotics in our study of the ongin of resistance to penicillin 
(Demerec, 1945a) FoUowmg is a brief description of the method as used m 
our experiments 

From a single culture of bacteria, small mocula (50 to 300 bactena) were taken 
and used to start 21 or more mdependent broth cultures These were mcubated 
for 24 hours, or until growth had reached the saturation pomt Durmg mcu- 
bation the number of bacteria (m experiments usmg B coh or S aureus) m- 
creased to about 2 X 10® per ml From the same culture that served as the 
source of the mocula, 10 samples of bacteria of the same size as the mocula were 
plated on a culture medium containing the same concentration of antibiotic as 
was used m the tests, m order to determine if any resistant bactena were present 
m these samples The concentration of the antibiotic had to be high enough so 
that there were no survivors among the small number of bactena plated— m 
other words, that there were no bacteria resistant to that concentration m the 
mocula used to start cultures It followed, then, that all resistant bactena found 
m full-grown cultures had necessarily ongmated m these cultures dunng the 
penod when the number of bactena mcreased from 50 to 300 to about 2 X 10® 
per ml 

Next, from 20 of the broth cultures, samples of 0 1 ml were taken and plated 
on petri dishes containmg the same concentration of the antibiotic (0 064 units 
of penicillm, or 5 umts of streptomycin per ml of medium) Fifteen 1-ml samples 
were plated from the twenty-first tube Thus two sets of plates were obtained 
one set of 20 m which each plate had bacteria from a different culture, and another 
set of 15 all havmg bactena from the same culture The plates were mcubated 
for 24 hours, or for a longer penod if the growth of colonies was slow After m- 
cubation the number of colomes on each plate was detenmned These colonies 
represented resistant bactena that had been present m the sample plated 

On both sets of plates m this test the experimental conditions were similar, 
like numbers of bactena (about 2 X 10’') havmg been plated onto nutnent agar 
contammg identical concentrations of antibiotic Therefore, if resistance were 
mduced through mteraction between the bactena and the antibiotic when they 
were m contact with each other, approximately similar numbers of resistant 
bacteria would presumably be obtamed on all the plates, regardless of the origin 
of the bacterial samples, the variation between plates should not exceed random 
variability In the event that the ongin of resistance is mutational, on the other 
hand, similar numbers of resistant colonies would be obtamed only among the 
platings taken from the same culture, smce these represented repeated tests of 
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tlic same mixture of resistant and sensitive bacteria Among the samples from 
separate cultures, if mutations occur at random, a large number of resistant 
colonics vould be obtained from cultures m which mutation happened to occur 
early in the gro\sth of the culture, and a small number of resistant colonies from 
cultures in which mutation happened to occur late, provided the growth rate of 
resistant bacteria is not appreciably different from that of nonnal ones If 
resistance originates by mutation, then, the variation m numbers of resistant 
bactena would be much greater bctw'cen samples taken from separate cultures 
than between samples taken from the same culture 

TABLE 1 


Number of bactena (E colt) reststanl to a concentratton of 6 units of streptomycin per ml of 
agar medium in samples lal cn from a senes of independent cultures and similar samples 
tal^n from a single culture which assayed 1 S X i0‘ bacteria per ml 


SAwrixs r»ou iKDcrnvDEKT coltosxs 

SAUTLES nOU SINGLE CULTtTEE 

Coltare no 

No of 
reitstAnt 
bictcria 

1 

Culture no 

No of resisUnt 
bacteriA 

Sample no 

No of 
resistant 
bactena 

Sample no 

No of resistant 
bacteria 

1 

C7 

■1 

56 

1 

142 

■1 

no 

2 

159 


91 

2 

155 


125 

3 

135 

mm 

123 

3 

132 

■a 


4 

291 

14 

97 

4 

123 

14 


6 

75 

15 

48 

5 

140 

15 


G 

117 

16 

52 

6 

146 



7 

73 

17 

64 

7 

141 



8 

129 

18 

89 

8 

137 



9 

86 

19 

111 

9 

128 



10 

101 

20 

164 

10 

121 



Average 


105 9 

Average 



Vanance 


2913 9 

Variance 



Chi-squaro 


550 3 

Chi-square 



B much less than 


0 001 

1 ^ 





Table 1 shows the results of such an experiment with E coli and streptomycm 
In addition to the tests represented m the table, the concentration of bactena was 
determmed m 11 cultures, mcluding the one from which the 15 samples were 
taken The average number of bactena m 10 cultures was 2 2 X 10® per ml,, 
with extreme vanants of 1 9 and 2 3, and the average number m the eleventh was 
2 1 X 10® per ml Thus the variation m numbers of bactena among the differ- 
ent cultures was so small that it could have mtroduced only negligible differ- 
ences between the numbers of resistant colonies observed on different plates 
It is evident from table 1 that the variation m number of resistant colonies was 
considerably greater among platings from mdependent cultures than among 
platmgs from a single culture The extreme vanants of mdependent cultures 
were 48 and 291, the average 106, the vanance 2,914, chi-square 550, and the 
probability that this variation was due to chance is msigmficant On the other 
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hand, the vanation m number of resistant colonies among platmgs of samples 
taken from one culture was very small, and the probability that this variation 
was due to chance is 26 per 100 trials Very similar results were obtamecl in 
experiments using S aureus and penicillin (Demerec, 1945a) 

These results, then, favor the assumption that resistance to certain concentra- 
tions of penicillin or streptomycm originates through mutation, and that resistant 
bacteria may be found m any large population, the proportion depending on the 
mutation rate 

Oakberg and Luna (1947) reached identical conclusions after expenmenting 
with S aureus and sodium sulfathiazole This suggests that mutations may be 
generally responsible for the origin of resistance that is transmitted to the off- 
spring of the individuals that acquire it 

RESISTANCE STEPS 

A very interestmg feature of bacterial resistance to antibiotics is the stepwise 
increase in degree of resistance that can be brought about by selection This 
feature is particularly well expressed m penicillin resistance Figure 3 reproduces 
curves from an earlier paper (Demerec, 1945a) showing the effect of selection on 
the increase in resistance of S aureus to penicillin The first is the survival curve 
of the stock culture At a concentration of 0 15 units per ml there were no sur- 
vivors, but at a concentration of 0 12 units about 4 per 10* bacteria lived First- 
step resistant strains were isolated from stock culture bactena surviving sub 
lethal concentrations The second curve of figure 3 is a typical survival curve 
of such first-step resistant strains Some individuals of these strains survived 
concentrations up to about 0 2 umts When first-step resistant strams were 
groivn on sublethal concentrations of penicillin, second-step resistant strains 
were isolated from the survivors A typical second-step survival curve is shown 
third on figure 3 Third- and fourth-step resistant strams were obtained in 
similar maimer 

It IS of interest to note that the building up of resistance is more rapid with each 
selection step Thus, with our stram of S aureus, a concentration of 0 15 units 
was sufficient to eliminate all bactena of the ongmal strain, but a concentration 
of about 0 2 units was required to eliminate all bactena of the first-step resistant 
stram, and concentrations of about 0 4 imits for the second-step, 1 unit for the 
third-step, and 7 units for the fourth-step The fifth-step strain was for all 
practical purposes completely resistant to penicillm, since it was not affected by 
a concentration of 250 units per ml With each step the increase in resistance 
appeared to be exponential 

Whereas the buildmg up of resistance to penicilhn followed a definite pattern, 
resistance to streptomycm showed a considerable degree of vanability Among 
first-step resistant strams— that is, among strams isolated from colonies of the 
ongmal stram that survived sublethal doses of streptomycm— there were some 
that were only slightly more resistant than the ongmal stram, some that were 
almost completely resistant, and some that fell betw'een these two extremes 
(figure 4) It has been found that the variability m degree of resistance among 
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first-step pcnicillin-rcsistant strains (Demcrec, 19456) is slight as compared with 
the variability observed among first-step streptomycin-resistant strains 



PENICILLIN CONCENTRATION OXFORD UNITS PER ML 

Figure 3 StepiMse build-up of resistance to penicillin in S aureus First from left, 
survival curve of stock culture, second, survival curve of first step resistant strain isolated 
from a colony of the stock culture growing on the concentration indicated by the arrow 
The other curves are of second-, third-, and fourth step resistant strains isolated from 
colonies growing on the concentrations indicated by the arrows 

In the build-up of resistance to streptomycin, resistant strams of the second 
step, third step, etc , showed behavior snnilar to the first-step strains, that is, 
they exhibited a wide range of variability m degree of resistance By plating 
bacteria of a low-resistance first-step strain on a concentration of streptomycm 
that IS sublethal for that strain, one can isolate second-step resistant strams that 
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stain to veiy resistant In fact, there is no diSerence in degree of resisto™ 
between the most resistant strains of the first step and those of Se second ttird 



Figure J, Survival curves of first-step strains of S aureus resistant to streptomycin, 
showing the great variability in degree of resistance Each strain was isolated from a 
colony of the stock culture growing on the concentration of streptomycin indicated by the 


arrow 


and higher steps Consequently, strains that are highly resistant to strep- 
tomycin may be obtained either in one step, by selection of survivors of veiy high 
concentrations, or m several steps, by repeated selection of survivors from 
bacteria grown on mcreasmgly higher concentrations 



1948] 


ORIGIN or DACTERUL RESISTANCD TO ANTIBIOTICS 


71 


POSSIBLE MECHANISM OP ORIGIN OP HIGH-DEGREE RESISTANCE 

The cxpcumcntal evidence available at present indicates that resistance to 
penicillin and resistance to strcptom 3 'cm are independent of each other, that such 
resistance is a heiitable property induced by genetic changes comparable to 
mutations, that first-step penicillin-resistant strains are fairly uniform in their 
degree of resistance, a highly resistant strain being built up by selection through 
several steps, and that first-step streptomycin-resistant strains show a great deal 
of variabilitj’’ in degree of resistance, highly resistant strains being produced either 
m one step bj"- selection from among first-step resistant mutants or in several 
steps by repeated selection of strains havmg higher and higher degrees of 
resistance 

"UHiat mechanism is responsible for the stepwise build-up of resistance, and for 
the difference between penicillin resistance and streptomycin resistance m this 
regard? Evidence accumulated by several investigators in recent genetical re- 
search with bacteria makes it appear reasonably certain that mutations m bac- 
tena are caused by changes m genes Granting this assumption, the complexity 
of behavior obsen'cd m studies of resistance to antibiotics indicates that several 
genes must be mvolved Such an inference is not new Several years ago 
Demerec and Fano (1945) suggested that the complex situation observed m their 
study of resistance of E colt to 7 phages pointed to the presence of about 20 
distmct mutant types in their material Since many more than 7 phages affect 
the stram of coli investigated, and since it is reasonable to assume that extension 
of the study to these phages would reveal additional mutants, it is evident that 
the genetic background of resistance to phages is very complex mdeed, and that 
it mvolves a considerable number of genes 

If a like situation exists m respect to resistance to antibiotics, then it can be 
assumed that many genes are mstrumental m determining resistance to the two 
antibiotics used m these experiments, and that the genes affectmg resistance to 
pemcilhn are different from those affecting resistance to streptomycm If any 
one of these genes should mutate, the bacterium m which such a mutation oc- 
curred and the stram developed from that bacterium would be more resistant to 
the respective antibiotic than was the origmal parent stram Such a stram 
would be what we have called a “first-step resistant stram ” 

The fact that first-step penicillm-resistant strams are fairly uniform m degree 
of resistance (Demerec, 19456, figure 2) is consistent with the assumption that all 
genes affectmg resistance to penicillm have a similar potency, so that the effect 
of mutation is the same regardless of which of the genes happens to mutate 
According to this hypothesis, there is still present m a first-step resistant stram a 
number of unmutated genes that affect resistance Mutation of any of these 
produces a second-step resistant stram, which possesses a higher degree of resist- 
ance than the first-step stram Similarly, by mutation of another gene m a 
second-step resistant stram, a still higher degree of resistance is attamed, charac- 
tenstic of the third-step resistant stram From this, by further mutations, 
highly resistant fourth- and fifth-step strams may be obtained The curves m 
figure 3 mdicate that the mcrease m degree of resistance with each step is ex- 
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ponent 2 al This means that the effect of two or more mutants together is con- 
siderably greater than would be expected from the added values of the effects of 
single mutants 

No attempt has been made to determine the frequency with which genes affect- 
ing resistance to penicillin mutate It may be estimated from survival curves, 
however, that the mutation rate is low, m the neighborhood of 1 X 10~® With 
such a low mutation rate, it is evident that the mcrease m resistance must occur 
m successive steps, and that the chance that one step will be skipped is veiy 
slight, the chance that two steps will be skipped practically ml (A step would 
be skipped when mutations m two genes occurred simultaneously m the same 
bacterium, and two steps would be skipped if three mutations occurred simul- 
taneously in a single cell The chance of two simultaneous mutations is 10~* X 
10-8 = 10-^8, and of three simultaneous mutations, lO"® X lO"® X lO"® = 10“’* 
Smce the volume of an S aureus cell is about one cubic micron, it would be ex- 
pected that one double mutant, on the average, would be found in ten liters of 
bacteria, and one triple mutant m one million cubic meters ) 

The observed behavior of resistance to streptomycin also can be explamed by 
assuming the existence of several genes determining such resistance Unlike the 
genes for penicillin resistance, however, these differ greatly from one another m 
potency If a gene of low potency mutates, the first-step resistant stram will 
have a low degree of resistance, but if mutation occurs m a highly potent gene, 
the first-step resistant strain will be highly resistant Consequently, consider- 
able variation m degree of resistance is to be expected between first-step strains, 
and for the same reason a highly resistant stram may be obtained either in one 
step, by selection of a highly resistant first-step mutant, or m several steps, by 
selection of mutants of low resistance values 

CLINICAL CONSIDERATIONS 

A major consideration in the climcal use of antibiotics is how to avoid the 
development of resistant strams, smce the usefulness of an antibiotic is closely 
related to the number of resistant pathogens and to their incidence m infections 
For this reason, analysis of the mechanism of ongm of resistance to penicillin and 
streptomycm has an important bearmg on the clmical application of these 
antibiotics 

From the clinical standpomt, the situation m regard to penicillin is relatively 
simple and well defined Smce resistance develops m steps, and it is very un- 
likely that a step will be skipped in the process, the clinician can avoid develop- 
ment of resistant pathogens by using initial doses that are adequate for the 
elimination of first-step resistant individuals F ortunately, most of the common 
pathogenic strains that have been mvestigated (North and Chnstie, 1945, Meads 
et al , 1945) are veiy sensitive to penicillin, so that large doses are not required m 
clmical use It is equally important for the clinician to maintain the effective con- 
centration in treatment as long as the infection persists, because decrease of the 
concentration below the effective level will permit the accumulation of first-step 
resistant bactena, which may mcrease to a pomt that iviU allow the occurrence o 
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EGCond-stcp muUints Tlicsc arc difficult to control If there is any suspicion 
that a pathogen may be more resistant to penicillin than the usual strains, it is 
ad\ liable to determine the degree of resistance before starting treatment, and to 
adjust the concentration accordingly If adequate precautions are taken against 
the dc\ clopmcnt of second-step resistant bacteria, there should be no danger from 
resistant pathogens in penicillin treatment It is particularly important to avoid 
the indisci iminatc use of penicillin, however, especially for applications where it 
can scarcely be of any help (for example, as a mouth wash), because there is 
positii c danger that such use may stimulate the development of resistant strains 

In the clinical use of streptomycin, the situation can be controlled to a much 
smaller extent Since highly resistant bacteria are found among the first-step 
mutants, treatment \Mth high concentrations is not effective in eliminating the 
whole population of bacteria present m an infection "UTiat it does accomplish 
IS a reduction of the number of bacteria to a level vath which the organism is 
capable of dealing If for some reason the organism cannot do this, the chances 
for the development of a resistant stram are exceedmgly good Therefore, it 
must be expected that pathogenic strams resistant to streptomycin will frequently 
develop, in the course of time replacing sensitive strams in communities where 
streptomycin is used and rendermg this antibiotic ineffective This eventuality 
can be postponed by restricting the use of streptomyem to serious infections 
which cannot be controlled in any other wrny 

It may be appropriate to mention here the most effective way, theoretically, 
of preventing the ongin of resistant strains of bacteria This is the use m clmical 
treatment of a mixture of two antibiotics, when such are available, that affect the 
same pathogen but are mdependent m their actions The evidence of mdepend- 
ence is that bacterial strams that have developed resistance to one antibiotic are 
still sensitive to the other, and vice versa If such a mixliure of twm antibiotics 
IS used, then only bactena that are resistant to both can survive the treatment 
and form first-step resistant strams Such bactena would be exceedmgly rare 
For example, if first-step resistant bacteria for each of two antibiotics should be 
found m a large population with a frequency of 1 X 10“^, then the expected 
frequency of bactena resistant to both these antibiotics would be 1 X 10“^^ 

SUMMARY 

A method is desenbed that has been used to determine whether resistance to 
streptomycin is mduced by mteraction of the compound with bacteria or origi- 
nates by gene mutation Data are presented mdicatmg that mutations are 
responsible for the ongm of streptomycin resistance m Staphylococcus aureus 
These agree with previously published data regardmg the ongm of peniciUm 
resistance m the same organism 

The stepwise increase of resistance to penicillin by selection is explamed by 
assummg that mutations m several equally potent genes are effective m mducmg 
resistance, and that the slight degree of resistance charactenstic of the first step 
IS due to a mutation m one of these genes, the higher degrees of resistance of 
subsequent steps to successive mutations m other genes 
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The increase in resistance to streptomycm also can be explained by the as- 
sumption that several genes are instrumental m the process These genes vaiy 
greatly in their potency, however, and consequently a mutation in a highly potent 
gene will be responsible for a high degree of resistance, a mutation in a less potent 
gene for a low degree of resistance 

From the knowledge gamed concemmg the mechamsm of origin of resistance, 
it 13 concluded that in treatment with pemcdlm the development of highly re- 
sistant strains can be avoided by application of the pemcillm m doses sufBciently 
large to prevent survival of first-step resistant mutants In treatment with 
streptomycm, however, the development of highly resistant strams cannot be 
prevented, effective treatment does not elunmate all bactena, but it probably 
reduces their number to a level at which the organism is able to elimmate them, 
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Vlien a culture of Staphylococcus m the logarithmic period of growth is exposed 
to penicillin in appropriate concentration, growth of the bactena is stopped 
promptly If ithin a short tune the penicillin is removed, no decrease in popu- 
lation of viable cells occurs, but, after a lag period, growth is resumed (Parker and 
Marsh, 1946) In earlier work it was shown that this effect occurred even though 
there ivas no detectable killing of organisms, it was not a peculiarity of the 
metabolic state of “persisters” (Bigger, 1944) m the culture In the experiments 
to be detailed in this report, the obsenntions have been extended to cover a total 
of 29 strams of Staphylococcus m order to determme whether the phenomenon was 
unique m the stram first obsennd or whether it was generally distnbuted The 
strains were isolated from clinical material m a hospital laboratory and exhibited 
a mde range of penicillm sensitivity 

Source and selection of cultures In the course of a study of the relation between 
size of the test moculum and apparent resistance to penicillm, all strams of 
Staphylococcus aureus isolated from clmical material m the routme laboratory 
servmg Lakeside Hospital w'ere subjected to tests of penicillin sensitivity (Parker, 
1946) From the 169 cultures so studied, 29 were chosen, covermg the range of 
sensitivity exhibited by the senes 

Test of sensitivity The sensitivity test used was that desenbed previously 
(Parker and Marsh, 1946, Parker, 1946) Senal dilutions of penicillm were 
prepared m nutnent broth, each was moculated with 0 5 ml of a 10~* dilution of 
an overnight broth culture The tubes were meubated overnight, and the tube 
was then identified which contamed just enough penicillm to prevent visible 
growth of bacteria The final volume of the test was 1 ml This was designated 
as the “pemcilhn sensitivity (small moculum)” of the stram Another test was 
made sunultaneously, which differed only in that the moculum contamed 10,000 
times as many organisms, and the inhibitory penicillm concentration identified m 
this test was designated as “penicillm sensitivity (large moculum) ” 

Medium The medium used was the tryptose broth supplied by the Digestive 
Ferments Laboratories, the pH after sterilization adjusted to 7 4 to 7 6 

EXPERIMENTAL RESULTS 

In the first studies on this subject it was found, as it had been by others (Rantz 
and Kirby, 1944, Hobby and Dawson, 1944), that at very low concentrations of 
penicillm there was a definite mterval between the time of addition of pemcillm 

'■ With the technical assistance of Helen Ferguson 
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and the first demonstrable decrease m the number of viable bacterial cells, multi- 
plication apparently continuing for a short time in the presence of the low con- 
centration of penicillm With higher concentrations, multiplication was appar- 
ently checked promptly, and replaced by a logarithmic decline in bactenal 
numbers In the present experunents the duration of the initial stationary 
period of the culture on moculation of an 18-hour culture mto a new medium was 
determmed, and also the time after moculation when the population had m- 
creased by about 100-fold Then, m order to determme the effect of brief ex- 
posure to penicillm, a culture was prepared that was in the logarithmic phase of 
growth and that had a population of about 10“* viable bacteria per ml A pre- 
determmed amount of penicillm was added After 15 minutes the bacteria were 



• Control oTreated 

Figure 1 Effect of short exposure of Staphylococcus to penicillin A 4-hour culture, 
exposed to penicillin for 15 minutes, then centrifuged and cells transferred to pemcillin free 
broth 

removed to fresh penicillin-free broth, and the culture was observed until growth 
was resumed The details of technique were as described below 

To 50 ml of tiyptose broth, previously brought to 37 C, enough of an overnight 
(18-hour) culture was added to give a final count of about 100 cells per ml One- 
mi samples were withdrawn at 20-mmute intervals thereafter for 6 hours, and 
plate counts of viable cells were made From the data so obtained the time was 
determmed at which the culture would be expected to contain 10,000 cells per ml, 
and a similarly prepared culture of this age was used m subsequent experiments 
The exact time varied but was usually about 4 hours from the time of first inocu- 
lation of the flask , 

The effect on the organism of continuous exposure to penicillin was next deter- 
mined To the growing culture (4 hours after inoculation), pemcillm was added 
m a quantity adequate to produce as a final concentration a small multiple ol t 
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Postpenicillin stationary phase (minutes) 

Figure S Scatter diasram The relation betrieen initial stationary phase and post- 
pcnicillin stationary phase of growth, both in minutes 



Figure S Scatter diagram The relation between pemcillin sensitivity (small in- 
oculum) and initial stationary phase of growth in minutes 


previously determined inhibitory concentration (small moculum) At 20-mmute 
mtervals thereafter aliquot portions were withdrawn, the cells centrifuged down 
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and resuspended m fresh medium in order to remove the penicillin, and dilutions 
made for plate counts The lowest concentration that served to check multi- 
plication promptly, mitiatmg a progressive fall m numbers of viable bacteria was 
designated as the mmimal bactericidal concentration” and used in the short 
exposure experiments " 


TABLE 1 


Effect of short exposure to pemctlhn on Staphylococcus 


CULTUEE 

NO 

SFNSmVlTY, 
SHALL INOCOLUU* 

SENSITIVITV, 
LASCE INOCOLUU* 

‘‘bactericidal 

CONCENrEATI01IS”f 

INITIAL STA 
TIONAEY PERIOD 

SECONDARY BTA 
TIONARV PERIOD 

1 

untis/ml 

itnttsfml 

umtsfml 

m\nuies 

mnutes 

0 08 

0 06 

8 

100 

145 

2 

62 

250 

400 

70 

5 

8 

0 25 

500 

8 

105 

170 

9 

0 03 

0 03 

0 5 

120 

155 

16 

0 25 

500 

8 

120 

175 

25 

0 06 

0 06 

1 

120 

180 

31 

0 5 

250 

32 

90 

110 

37 

62 

125 

400 

85 

50 

48 

0 25 

2 

3 

60 

155 

64 

0 016 

0 25 

0 5 

100 

205 

68 

0 5 

125 

32 

115 

90 

70 

0 12 

500 

2 

150 

145 

76 

0 016 

0 016 

0 25 

100 

170 

81 

4 

8 

250 

40 

85 

85 

t 4 

8 

250 

30 

105 

91 

0 12 

500 

2 

120 

145 

114 

0 5 

31 

32 

80 

145 

126 

0 25 

125 

32 

70 

130 

136 

0 06 

8 

0 5 

90 

155 

140 

0 125 

0 125 

8 

95 

105 

142 

4 

8 

250 

60 

95 

146 

0 016 

0 06 

0 125 

100 

135 

124 

0 5 

125 

4 

50 

70 

101 

0 5 

125 

4 

50 

95 

107 

0 5 

125 

4 

55 

65 

113 

0 5 

250 

2 

60 

90 

115 

0 5 

125 

2 

60 

70 

116 

0 5 

250 

2 

60 

65 

131 

0 5 

125 

2 

50 

80 


• Sensitivity to penicillin inhibition in overnight test "Small inoculum” consists of 
0 5 ml of 10^ dilution of culture “Large inoculum” is a 10"* dilution 

t Concentration of pemcillin inducing a prompt fall in population when added to a grow- 


ing culture 

In determmmg the effect upon Staphylococcus of short exposure to penicillin, a 
culture was prepared as described above At the predetermined time after 
moculation, when the coneentration of viable cells would be expected to be about 
10,000 per ml, penicilhn was added to one portion of the culture, in a quantity 
sufficient to give the “minimum bactencidal concentration ” A second portion 
was reserved for control (These mampulations were conducted in a 37 C room ) 
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After 15 minutes both treated and control cultures were removed from the warm 
room and centrifuged for 5 minutes, the supernatant was replaced ivith warm 
pcnicillm-frcc broth, and the cultures were again centrifuged The supernatant 
vas removed and the sedimented cells were suspended m a volume of warm broth 
equal to the original and replaced m the 37 C room At mten'^als samples were 
taken from each and plate counts made to determme the number of viable cells 
The results of such an experiment are portrayed graphically in figure 1 It 
■vnll be seen that the manipulations are almost without effect on the control 
culture In contrast, the culture exposed to penicillin enters a second stationary 
phase of growth winch, after a period, is succeeded by a logarithmic penod of 
multiplication Pertinent data for all of the cultures studied are given m table 1, 
and diagrams illustrating the correlation of certam values are given m figures 
2 and 3 


SUSIMARY AND DISCUSSION 

The present experiments are seen to confirm and extend the previous obser- 
vations on the effect of brief ex-posure of Staphylococcus to pemcillm Ex-posure 
of a grovnng culture to an appropriate concentration for 15 mmutes foUowed by 
removal of the penicillin is consistently followed by a period during which the 
population of viable cells is constant This effect is not due to selective killmg of 
dividing cells, leaxnng resting cells unaffected, for the effect is as apparent when 
there is no change m the viable cell count after pemcillm treatment as when the 
population is moderately reduced It was anticipated when the ex^ienments 
were imdertaken that there might be a correlation between the penicillm-mduced 
lag penod and the ability of the culture to dispose of pemcillm with pemcillmase 
Other exTieriments (Gilson and Parker, 1948) have shown that no correlation 
exTsts between the duration of the postpemcillm lag penod of a culture and its 
content of penicillinase There is, however, a high degree of correlation between 
the duration of the postpemcillm lag penod, on the one hand, and both the dura- 
tion of the initial lag period (figure 2) and the resistance to pemcillm (figure 3), 
on the other The significance of these associations is not immediately apparent 
It IS seen from mspection of figure 4, portraymg data from a larger number of 
strains, that a relation exists between the degree of pemcillm sensitivity and the 
duration of the imtial lag penod The degree of association between these two 
values for the 29 strains here reported, which mclude all of the highly sensitive 
and all of the highly resistant strains available, is much less than that existmg 
between the pemcillm sensitivity and the duration of the postpemcillm dormant 
penod, but is nevertheless significant The coefficient of correlation is 0 8, mdi- 
cating that the probability that such an association as is seen here could occur by 
chance alone is much less than 0 01 

In the absence of complete knowledge of the metabolic basis for the mitial lag 
penod, and lacking precise information on the mechamsm of action of pemcillm, 
it may be fruitless to speculate on the significance of the lag period that is mduced 
by brief exposure to this substance Several hypotheses, however, suggest them- 
selves It may be that pemciUin blocks the synthesis of some matenal essential 
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for the of the cell, Erampitz and Werkman (1947) have suggested that 

tbs IS nbonucleic acid If this be so, it may be that while synthesis of this sub- 
stance IS blocked, the metabohsm of other materials proceeds, and the supply of 
some other essential metabolite is exhausted With release of the pemciUm 
mbbition, time would be required for the resynthesis of this other metabolite 
before growth could proceed The tune required for a cell to repair such drug- 
produced metabolic damage might be related to its abihty to repan the damage 
produced by agmg, which some believe to be responsible for the mitial lag penod 
It IS conceivable also that penicilhn combmes with or otherwise renders useless 
some essential metabolite If this were true, the postpemcillm lag period would 
be accounted for as the tune required to synthesize a new supply of the metabolite 
in question before growth could proceed On the other hand, the relation be- 



PosfpenKSUm stationary phase (minutes) 

Figure 4 Scatter diagram The relation between penicillin eensitivity (small woe 


ulum) and postpemcillm stationary phase in nunutes 


tween the length of the lag penod and the sensitivity of the stram to peniciUm 
suggests that the explanation may be simpler It has been shown that penicillin 
m aqueous solution is adsorbed by certam serum proteins, and it is possible that 
it might be sunilarly adsorbed by bactenal protems Donovick, Lapedes, and 
Pansy (1947) explam the results obtamed by them m testmg the effect of mixtures 
of pemciUms as probably due m part to differential avidity of adsorption of the 
different compounds by the bactenal cell If it be assumed that such adsorbed 
pemcillm could act to mterfere with some essential process such as nbonuclcic 
acid synthesis, it would appear to be not imreasonable to predict that the sensi 
tmty of the organism might vary with the firmness with which pemcillm is 
bound, and that m turn the removal of pemcillm on transfer to a pemcillm-free 
medium would have an mverse correlation with sensitivity The data of figure 4 
mdicate that among the other factors correlated with the resistance of an organ 
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ism to penicillin is the ability of the “resting” or more properly the “aged” cell 
quickly to become a “growing” cell Thus a cell in which these adjustments arc 
made slowly is m general more sensitive to penicillm effect than one ivith a more 
rapidly acting mechanism This explanation appears to be consistent with the 
data recorded above, and experiments designed to test it as well as other hy- 
potheses are now in progress 

These experiments may also have a bearing on the theoretical basis for the 
practice of chemotherapeutics It is wdely held that best results in chemo- 
therapy with penicillin are achieved when the penicillm concentration is held 
constant, and many mgenious devices have been invented to facilitate this The 
exTierience of the clinic, however, is ivitness to the general effectiveness of inter- 
mittent injections, often given m doses that allow the concentration of penicillm 
to fall below theoretical mhibitmg levels for part of the time The data presented 
may provide a partial explanation Reference to figure 3 reveals that when 
staphylococci having a pemcillm sensitivity of 0 25 units per ml or less (87 per 
cent of our strains) are ex-posed for 15 mmutes to a penicillm concentration of the 
order of 1 unit per ml and (he penictlhn then removed, no bacterial multiplication 
occurs for (on the average) hours Penicillm serum concentrations of this 
order may be mamtamed for 15 to 30 mmutes after mtramuscular mjection of 
50,000 units Further, the penicillm is not then immediately removed, but its 
concentration falls slowly If bactenal reactions in vivo are sunJar to those we 
have observed, at least part of the reason for the paradoxical efficiency of mter- 
mittent admmistration of penicillm may be at hand In this connection it is to 
be remembered that all of the observations under discussion were made on 
Staphylococcus, and may not be transferable ivithout modification to other genera 

CONCLUSIONS 

Multiplication m a young culture of Staphylococcus, stopped by brief exposure 
to an appropriate concentration of penicillm, is resumed after a variable period of 
mcubation m a penicillm-free medium 

The duration of the “postpemcillm stationary phase” is directly related to the 
mitial lag penod of growth, and to the penicillm sensitivity of the stram 
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Since Ncisscna gonorrhocac was first cultivated by Bumm (1886) on placental 
blood serum, beef serum, or sheep serum, many media have been devised and 
tested for the isolation of the gonococcus from suspected cases of gonorrhea 
Prior to 1933 the medium moat used was the Douglas (1914) agar This was a 
tiyptic digest of beef enriched with either ascitic fluid, hydrocele fluid, beef serum, 
or defibrinated blood, and frequently with the addition of 1 per cent glucose In 
1910 Cohen and Fitzgerald first introduced the use of chocolate blood agar for the 
isolation of Hemophilus influenzae, but it was not until 1927 that McLeod and 
his associates used chocolate agar for the isolation of the gonococcus The 
chocolate agar w'as prepared either by using a base of “filtered, sterilized, 75 C 
meat extract” or by usmg Wright’s bouillon, which is made by extractmg meat 
and peptone together 

Wherry and Oliver (1916) reported that the gonococcus grew best when grown 
m an atmosphere of approximately 10 per cent carbon dioxide This was agam 
recommended by McLeod (1934), although Erickson and Albert (1922), Cook 
and Stafford (1921), and Torrey and Buckell (1922) had considered remforemg 
the air with carbon dioxide to be unnecessary for the isolation of the gonococcus 
Leahy and Carpenter (1936), usmg chocolate agar prepared from a Douglas 
agar base and mcubating cultures for 48 hours at 37 C m an atmosphere contam- 
mg 10 per cent carbon dioxide, isolated gonococci m 34 per cent of 302 specimens 
By using the oxidase test, 14 per cent of 146 cultures that would otherwise have 
been reported negative were found to be positive Also by meubatmg cultures 
m 10 per cent carbon dioxide they were able to isolate 15 per cent more positive 
cultures than were recovered from duplicate cultures meubated aerobically, under 
conditions that were otherwise identical 
Fmger, Ghon, and Schlaganhaufer (1894) stated that the gonococcus grew best 
m a slightly acid medium They used litmus as an mdicator and the degree of 
acidity was not determined Swartz, Shohl, and Davis (1920) showed the acid 
end point of the gonococcus, in mtro, to be pH 6 6 
The report to be presented m this paper comprises a study of the value of 
pancreatic digest of beef heart as described by Brown (1948) for supportmg the 
growth of the gonococcus m pure culture and as a medium for the isolation of 
the organism from cervical secretions 
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STUDIES ON THE GROWTH OF PXHIE CULTURES OP NEISSERIA GONORRHOEAE IN 
PANCREATIC DIGEST BROTH AND ON PANCREATIC DIGEST 
CHOCOLATE BLOOD AGAR 

Six freshly isolRted cervical strains of the gonococcus were tested for their 
ability to grow in pancreatic digest broth having vanous pH values and on 
pancreatic digest chocolate blood (human, 10 per cent) agar, pH 7 2 A senes 
of tubes contammg 5 0 ml of the broth to be tested and 0 1 ml of a 24-hour broth 
culture (pH 7 2) were meubated at 37 C for 24 hours The tubes were then 
thoroughly shaken and 0 1 ml from each tube was transferred to a corresponding 
pancreatic digest chocolate blood agar plate The plates were spread, meubated 
for 24 hours, and the colonies counted 

The SIX strains reacted m the same manner Prolific growth was obtamed in 
broth at pH 7 2 as evidenced by innumerable colonies per plate At pH 6 8 the 
growth was reduced approximately 50 per cent as compared with growth m hroth 
at pH 7 2 At pH 6 6, 6 4, 6 0, and 5 8 all plates were stenle A duplicate set 
of plates was made and meubated m an atmosphere of approximately 10 per cent 
carbon dioxide The results were the same as desenbed above 
After 48 hours’ mcubation the colonies are quite charactenstic They are of 
medium size, round, smooth, convex, and have ghstenmg “wet”-appeanng 
surfaces The colonies have a tendency to stick to the needle, formmg threads, 
when bemg transferred 


STUDIES ON PANCREATIC DIGEST CHOCOLATE BLOOD AGAR FOR THE ISOLATION OF 
NEISSERIA GONORRHOEAE FROM CERVICAL SECRETIONS 


This study compnses a total of 580 cervical cultures from 411 patients and a 
total of 452 cervical smears from 283 patients All plates were meubated for 48 
hours at 37 C m an atmosphere of approximately 10 per cent carbon dioxide 
Oxidase tests were routmely made on all plates 
Group I The results of cervical cultures from dispensary patients suspected of 
havmg gonorrhea The cases are divided accordmg to diagnosis 


Total number of cultures 
Positive cultures 
Negative cultures 


405 

153 (37 7 per cent) 

252 (62 3 per cent) 


Acute gonorrhea 
Total number 
Positive cultures 
Negative cultures 


86 

37 (43 0 per cent) 

49 (57 0 per cent) 


Urethntis 

Total number 
Positive cultures 
Negative cultures 


13 

8 (61 5 per cent) 

5 (38 5 per cent) 


Cervicitis 

Total number 
Positive cultures 
Negative cultures 


155 

64 (41 2 per cent) 

91 (58 8 per cent) 
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Salpingitis 

Total number 
Positive cultures 
Negative cultures 

Pelvic inflammatorj disease 
Total number 
Positive cultures 
Negative cultures 


125 

37 (19 6 per cent) 

88 (80 6 per cent) 


26 

7 (26 9 per cent) 

19 (73 1 per cent) 


Group II This senes compnses cervical cultures from ward and dispensary 
patients, all having clinical and physical signs of acute gonorrhea At the tune 
of culturmg, the pH of the cenucal mucus was tested by usmg a senes of buffer 
solutions and indicators as descnbed by Brown (1924) The followmg results 
were obtained 

Total number of cultures 

Positive cultures 113 (64 2 per cent) 

Negative cultures 62 (35 8 per cent) 

Cultures taken vvhen the cervical mucus pH range was 7 5 to 6 7 
Total number 

Positive cultures 109 (86 0 per cent) 

Negative cultures 20 (14 0 per cent) 

Cultures taken when the cervical mucus pH range was 6 6 to 5 2 
Total number 

Positive cultures 4(87 per cent) 

Negative cultures 42 (91 3 per cent) 

A comparison of the method of cervical smear examinations and cervical cultures 
From groups I and II a total of 452 cervical smears were exammed All smears 
were stamed by Burke’s modification (1922) of the gram stam In this senes 96 
or 21 2 per cent of the smears were positive, whereas the gonococcus was isolated 
from 230 or 50 8 per cent of the same group of patients 

DISCUSSION 

When pancreatic digest chocolate blood agar was used for the isolation of the 
gonococcus m a senes of 580 cervical cultures, 266 or 45 9 per cent were posi- 
tive "When the patients were divided mto two groups, the group havmg only 
cultures (405) yielded 153 or 37 7 per cent positive cultures The group having 
the pH of the cervical mucus tested at the time of culturmg (175) yielded 113 
or 64 2 per cent positive cultures This simply means that if cultures are taken 
when the pH range of the cervical mucus is 7 5 to 6 7 (the optimal growth range of 
the organism) the chances of isolatmg the gonoccocus are greatly mcreased 
Conversely, if cultures are taken when the pH of the cervical mucus is acid (6 6 to 
5 2), the chances of isolatmg the organism are greatly decreased It is shown 
by the figures that, m a total of 62 negative cultures m this group, 42 or 67 7 per 
cent were obtained when the pH was 6 6 and below, pH 6 6 correspondmg to the 


175 


129 


46 
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acid death point of the gonococcus when grown tn mlro Many of the patients 
who were again cultured during the estrogenic phases of their subsequent men- 
strual cycles yielded positive cultures (Koch, 1947) 

In the group of patients having cervical smear exammations and cultures, the 
cultural method resulted m the discoveiy of 29 6 per cent more gonococcal in- 
fections than by the use of smear exammations alone This should re-emphasize 
the mvahdity of negative smears 
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SXJMMABT 

Pancreatic digest chocolate blood agar supported a prolific growth of the gono- 
coccus m pure culture after 24 hours’ mcubation at 37 C, both aerobically and in 
an atmosphere contaming approximately 10 per cent carbon dioxide 

The medium proved to be of great value m the isolation of the organism from 
cervical secretions, especially m cases of acute gonorrhea from which 57 4 per 
cent positive cultures were obtained 

Negative cervical cultures do not mdicate the absence of foci of infection or the 
lack of a sufficiently favorable medium upon which to isolate the organism 
Other factors influencmg negative cultures may be mvolved, an important one 
being the pH of the cervical mucus at the time of cultunng 

The cultural method for the diagnosis of gonococcal infections is far supenor 
to smear exammations 
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Some tune ago during study of the utilization of organic acids by the coli- 
aerogenes group it t\as noted that Escherichia coli of mtestmal ongm failed to 
grow m a simple medium containmg citrate as the only organic compound, but 
Aerobaclcr aerogenes, in contrast, grew readily (Koser, 1923, 1924) Other com- 
pounds ■mth some structural sunilanty to citnc acid, such as tncarbaUylic, 
aconitic, glutaric, and adipic acids, did not permit the same differentiation be- 
tween the coll and aerogenes types (Koser, 1926) 


TABLE 1 

Growth in citrate and isoeitrate media 



CBOWTH AT 30 c 

CitrAte 24 hr 

Isoatrate 

24 hr 

48 hr 

72 hr 

E colt 

0 

0 

0 

0 (19) 

A aerogenes 

++++ 

+ 


+++ (7) 



0 

0 

0 (13) 

Intermediate (Citrobacter) 


+ 

++ 

+++ (2) 


Figures in parentheses at right show number of cultures tested 0 indicates a clear 
tube The number of plus signs denotes increasing turbidity, with the heaviest 

growth 


Recently an opportunity was afforded to test the behavior of organisms of the 
coli-aerogenes group toward isocitnc acid, a compound that was not available 
earher A sample of the dimethyl ester of isocitric acid lactone, isolated from 
Bryophyllum leaves, was obtamed through the kmdness of Dr H B Vickeiy of 
the Connecticut Agncultural Experiment Station To convert this compoimd to 
the sodium salt of isocitnc acid it was dissolved m water, a slight excess over the 
calculated quantity of sodium hydroxide was added, and the mixture was 
warmed on a steam bath for 15 mmutes to saponify the ester and open the lactone 
nng (Pucher, Abrahams, and Vickeiy, 1948) This gives the sodium salt of the 
natural optically active isocitnc acid, or sodium n-isocitrate The solution was 
stenhzed by passmg it through a smtered glass filter 
The basal medium used for the tests was similar to that of the earher work and 
consisted of 0 5 per cent sodium chlonde, 0 1 per cent dibasic potassium phos- 
phate, 0 1 per cent ammomum acid phosphate, and 0 02 per cent magnesium 
sulfate To one portion of this, 0 3 per cent sodium citrate was added, to the 
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other portion, 0 3 per cent sodium isocitrate The pH of both media was 6 8 to 
6 9 after addition of the compounds 

Results wth 19 E coh cultures isolated from human and animal feces, 20 A 
aerogenes cultures from soil, and 2 "mtermediate” or Citrobacter cultures (methyl 
red +, Voges-Proskauer — citrate +) from soil are presented In table 1 the 
growth shown by plus signs is the average for each t 3 T)e Some mdividual 
cultures grew a little more rapidly or more slowly than the average 
All fecal E coh failed to grow m the isocitrate medium, the tubes remaining 
clear as m the citrate medium Seven of the A aerogenes grew slowly in the 
isocitrate medium, whereas the remainmg 13 failed to grow throughout an obser- 
vation penod of 10 days at 30 C Evidently isocitrate under these conditions is 
utilized with more difficulty than is citrate and does not afford the same differ- 
entiation of the coh and aerogenes t 3 TDes as that given by citrate 
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In 1942, the senior author reported that a stram of Sireptomyces (Adyrumyces) 
aJbus stimulated the growth of a strain of Tnchophylon dtscmdes Sabouraud, 
common cause of tinea in caUes and children in Uruguay, on a glucose peptone 
agar He also found that the addition of thiamine to the medium had the same 
effect The ability of Strcptomyccs albus to synthesize thiamme it as proved by 
the growth of Phycomyces blal esiccanus 

Later on, Robbins, Mackinncn, and Ma (1942) reported that Mackinnon’s 
strain of Trichophyton dtscotdcs had a ccmplete deficiency for pyndoxine, dl- 
mositol, and molecular thiamine In addition, there were partial deficiencies for 
unidentified substances present in peptone, casein hydrolysate, h3drol3’-zed egg 
albumen, malt extract, gelatin, and a filtrate prepared from white potatoes 
These partial deficiencies could not be satisfied by biotm, nboflavin, fohe acid, 
pimelic acid, para-ammobenzoic acid, pantothenic acid, hypoxanthme, guanme, 
nicotinamide, 2-methj’'l-l-l 4-naphthoquinone diacetate, seven pyrimidine and 
punne bases, and 43 ammo acids 

After our studies with strain 688, which we identified as T dtscmdes, we 
thought that vitamm deficiencies might be useful for the identification of species, 
that is, that strains of the same species would show the same deficiencies Trymg 
to elucidate this mteresting problem we cultivated 5 strams of T dtscmdes and 
2 strams of T ochraceum on synthetic media with pyndoxine, thiamme, and 
DL-mositol, alone and m all possible combmations 

EXPERIMENTAL STTJDT 

Materials and methods The orgamsms were cultivated at 30 C on agar slopes 
m neutral glass test tubes, 20 by 150 mm Each tube contamed 8 ml of a basal 
medium composed, per liter, of 50 g glucose, 2 0 g purified asparagme, 0 5 g 
MgSO^ THjO, 1 5 g ICHjPO^, and 15 g purified agar To this medium 0 1 ml of 
the following solution of mineral supplements was added 5 7 mg H3BO3, 18 6 
mg CUSO4 5H.O, 173 mg (NH4)2Fe2(SO<)4 24H2O, 7 1 mg A'InCL 4H2O, 3 6 mg 
ammonium molybdate (85 per cent), 79 mg ZnSO* 7H2O, and 100 ml redistilled 
water 

This medium was autoclaved for 20 mmutes at 115 C The growth factors 
were added before solidification of the medium m the dose of 5 miUunicromoles of 
thiamme, 5 millimicromoles of pyndoxme, and 1 mg of DL-mositol, smgly and m 
all possible combinations At the same time tubes were prepared contammg the 
basal medium plus 0 1 g peptone (Difco) and 5 millimicromoles of thiamme To 
another senes of tubes nothmg was added (basal medium) 

91 



92 


MACKINNON AND AHTAGAVETTIA-ALLENDE 


[voL 56 


Consequently we prepared 9 kinds of media (table 1) On the basal medium 
o^y a scant growth is possible, and on the basal medium ivith peptone and 
thiamme a luxuriant growth was observed We mdicated by (+++) the 
growth of the assayed strains on the optimal medium (with peptone and thi- 
amme) We mdicated by (— ) all thm and scant growth like those observed on 
the basal medium (subcultures on the same medium are not possible) We mdi- 
cated by (-b-f ) a great and remarkable mcreasmg of the growth, and by (-f) a 
little, although clear, improvement of the growth of the colonies Inoculations 
were made by transferrmg, from a young culture on Sabouraud glucose agar, a 
small piece of mycelium about the size of a pinhead All experiments were done 
in tnphcate and repeated at least twice 

Cultures studied 

Strain 197 Trichophyton dtscoides Sabouraud’s strain 

Strain 688 T dtscoides Isolated from inflammatory ringworm of a man who used to 
industrialize cattle bristle 

Strain 457 T dtscotdes Isolated from inflammatory tinea of the scalp (kerion) of a 
child who lived on a farm 

Strain 161 T dtscotdes Isolated from ringworm of the face in a child who acquired the 
infection from calves 

Strain 1007 T dtscotdes Isolated from inflammatory tinea of the arm in a child who used 
to caress calves 

Strain 461 T ochraceum Isolated from a calf with tinea of the head 
Strain 644 T ochraceum Isolated from inflammatory ringworm of the leg in a child in 
the country 

Discussion of the identity of the strains assayed There exist very few studies 
about the ectothrix, large-spored (megasponc) trichophyton After the basic 
works of Sabouraud (1908, 1910) the most important papers are those of Cazalbou 
(1914) and Lebasque (1934) Sabouraud descnbed three species named T 
album, T discoides, and T ochraceum Other species were descnbed later on the 
basis of mmimal differences m the appearance of the giant colonies The three 
classical species of Sabouraud have the same parasitological characteristics and 
the diagnosis must be based only on the appearance of the colonies on 
Sabouraud’s glucose and maltose agar prepared with special peptones and special 
impure sugars A revision of the methods is necessary Nevertheless, the giant 
colonies of the three species have some common charactenstics they are glabrous 
or only a very short velvety aerial mycelium is produced, they are hard and 
elastic, and when we take a piece of the colony a little of the agar is also taken up, 
they produce filaments m the depth of the agar, and primary cultures arc not easy 
to obtam (we frequently fail to obtam cultures from the lesions) Strams 197, 
688, 457, 161, and 1007 may be identified, without doubt, as T discoides One 
of these strams is the type stram of Saboraud (strain 197) These strains never 
produced ochraceus colomes On the other hand, strams 461 and 644 sometimes 
show a pale ochraceus pigment We thmk that this is not a sufficient reason to 
classify these two strams m a different species, but most of the medical myco o 
gists would identify them as T ochraceum We thmk also that T album canno 
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be surely distinguished from T discoidcs We think that T album, T dtscoides, 
and T ochraccum are s 3 Tionyiiis 

Conant and collaborators (1944) claim that T album, T discoides, and T 
ochraccum are synon 5 Tns of T schonlcim, the agent of tinea favica We think 
that this opinion is mistaken owing to the folloiving reasons (a) The parasitic 
form of T schonlcim is quite different from the parasitic form of the ectothnx, 
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megasponc trichophytons (b) T schonlcim produces a noninflammatory tmea 
of man, whereas the megasponc, ectothnx trichophytons produce very mflam- 
matory infections (c) T album, T discoides, and T ochraccum are genume 
parasites of cattle and aberrant parasites of man, but T schonlcim is a genume 
parasite of man These arguments may be read m Saboraud’s fundamental 
papers and were conflnned by Lebasque 
Results Our results are recorded m table 1 Trichophyton discoides, stram 
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688, has complete deficiencies for thiamme, pyridoxine, and DL-mositol Our 
results m 1945 and 1946 are identical with those of 1942 Strain 197 
(babouraud’s strain) has a complete deficiency only for thiamine Strains 457, 
161, and 1007 have a complete deficiency only for Di-inositol Trichophyton 
ochraceum, stram 461, has a complete deficiency for both thiamme and DL-mo- 
sitol Stram 644 has a complete deficiency only for DL-mositol 

DISCUSSION 

The nutritional requirements of the parasite molds have not been much 
studied The authors always refer to the species and not to a smgle strain, 
although usually they study only one strain We also expected to find 
all the strams of a species to have the same nutritional requirements But 
among five strains of T discoides we found at least three biological or nutritional 
varieties, types, or subspecies, which may be distmguished because their vitamin 
requirements are different three strains have a complete deficiency for nn-ino- 
sitol, one stram a complete deficiency for thiamine alone, and one strain a com- 
plete deficiency for DL-mositol, pyridoxine, and thiamine The two strains of 
T ochraceum are also different one stram has a complete deficiency for nn-ino- 
sitol, and the other a complete deficiency for DL-mositol and thiamme 
We may conclude also that the two strams named T ochraceum have defi- 
ciencies smiilar to those of the strams named T discoides As we thmk that T 
discoides and T ochraceum are not different species, we have found four nutn- 
tional vaneties among seven strams of the same species 
Vitamin deficiencies of a stram named Trichophyton album were studied by 
Schopfer and Blumer (1942, 1943) Only a partial deficiency for biotm was 
found The synthesis of biotm was more rapid m a medium with asparagine 
than m a medium with ammomum sulfate In a medium with ammonium 
citrate the synthesis of biotm was so slow that T album seemed to be almost 
heterotrophic for biotm 

Schopfer (1944) wrote that m the same genus one species may be auxo-auto- 
trophic and another species auxo-heterotrophic But our results allow us to 
conclude that m the same species different strams may show different vitamin 
requirements We must refer our results to the stram assayed and not to the 
species as a whole, until we have studied an appropriate number of strams 
The experiments of Beadle and Tatum on Neurospora crassa are mteresting 
for us Tatum and Beadle (1942) exposed N crassa to X-rays and obtained a 
variant that was unable to synthesize pcra-aminobenzoic acid They obtained 
also mutants that needed the addition of pyndoxme and of the thiazol of thi- 
amme Later on, Tatum (quoted by Wolff and Wolff, 1947) obtained mutants 
that requmed each of the vitamins of group B except folic acid and riboflavin 
Other mutants required most of the ammo acids In our particular case, vc 
think that losses m the ability to synthesize growth factors, and perhaps enzjTnes 
and ammo acids, have produced a number of physiological races m a species that 
must be named Trichophyton album according to the lav of pnority 

Emmons and HoUaender exposed a suspension of spores of Tnchophyton 
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mcniagrophylcs (1939a, 5) to the action of monochromatic ultraviolet radiation 
Besides the lethal effect, they obsen^ed the production of mutants which were 
classified in si\ groups They observed that both mutant production and lethal 
effects arc greatest when the spores are exposed to radiation of wave lengths 
2,537 and 2,G50 A Hollaender and Emmons (1939a,6) speculated about the 
structure mside the cell which would be responsible for the sensitivity to ultra- 
violet radiation, and they wrote "As in bacteria and yeast the wave lengths 
most toMC are 2,537 to 2,G50 A — the wave lengths most highly absorbed by 
nucleic acids rather than by proteins " 

Wo thmlv that it is possible that the different aspects of Emmons and Hol- 
laender’s mutants may be due to changes in the nutritional requirements, perhaps 
to losses m the ability to synthesize growth factors 

SUMMARY 

The effects of thiamine, p 3 'ridoMne, and DL-mositol, smgly and m all possible 
combmations, on the gron th of several strains of Trichophyton dtscoides Sabou- 
raud and Trichophyton ochraceum Sabouraud have been studied on a synthetic 
basal medium with glucose and asparagine 
Among four strains of T discoides isolated from man m Uruguay, three strams 
have complete deficiency only for DL-mositol, and one stram has complete defi- 
ciencies for DL-inositol, pyridoxme, and thiamme 
Sabouraud’s stram of T discoides has a complete deficiency only for thiamme 
Two strams of the species T ochraceum have been studied They were isolated 
m Uruguay One stram, isolated from a calf, has complete deficiencies for dl- 
mositol and thiamme The other stram, isolated from a child, has complete 
deficiency only for DL-mositol 

Consequently, the authors think that vitamm requirements cannot be useful 
for the identification of the species It is also emphasized that the results of this 
land of research must be attnbuted to the stram assayed and not to the species 
Many nutritional varieties may be distmguished within a species 
The three ectothrix, large-spored (megasporic) trichophytons of Sabouraud 
named T album, T discoides, and T ochraceum, may be considered as S 3 mon 3 Tns, 
but botanical, clinical, and epidemiological facts demonstrate that they are qmte 
different from Trichophyton (Achorion) schonleini, the agent of tmea favica 
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FACTORS INFLUENCING TILE PRODUCTION OF TETANUS 
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Tetanus to\in of high potency vlOO Lf per ml) is regularly produced m this 
laboratory' (Mueller and hliller, 1947) by a variant stram of Chstndium tetam 
Maximum yields require the presence of high concentrations of iron and appear 
to be sharply dependent on the size and type of contamer m which growth takes 
place Titers of 100 Lf are attamed in 6-by-|-inch test tubes containmg 20 ml 
of medium Flasks or bottles of various shapes and sizes are much less satis- 
factoiy, and no attempt at quantity production has resulted in yields of more than 
about 40 to 50 Lf and frequently less It has recently been pointed out (Mueller 
and Miller, 1948) that the temperature of mcubation mfluences the final titer in 
a relatively cntical manner, and may offer a partial but by no means complete 
explanation for the phenomenon It now appears that a more unportant factor 
IS concerned ivith the free escape by diffusion of the gaseous products of growth 
and fermentation 

This was first observed m a senes of attempts to measure gas evolved durmg 
growth and to correlate the measurements thus obtamed with the final yields of 
toxin It soon became evident that the mere presence of an mverted narrow 
tube in an ordmary test tube culture of the organism had an entirely unexpected 
effect on toxm production Yields were irregular and m general far below those 
of control tubes The most obvious difference m conditions was the fact that a 
certain amount of the gas produced was held m contact with the growmg culture, 
whereas it normally diffused away promptly through the cotton plug It was a 
simple matter to test this point, and the followmg experiment illustrates the 
effect 

Four tubes of |-mch diameter each containmg 20 ml of the usual medium 
employed for toxm production were so prepared as to vary the rapidity with 
which evolved gases could escape durmg mcubation The first two were 6 
inches m length, whereas the second pair were 16 mches long All four were 
covered with glass caps and stenhzed m flowing steam for half an hour, cooled, 
and moculated Tubes 1 and 3 were then fitted with previously sterilized cotton 
plugs m the usual way Tube 2 was closed with a 1-hole rubber stopper through 
which had been inserted a short length of glass tubmg bent to an mverted U and 
drawn to a fine open capillary tip Tube 4 was fitted with a 2-hole rubber 
stopper bearing a long glass tube which ended about 2 cm above the surface of 
the medium, for the entrance of sterile air, and a short exit tube Incubation 

’ Aided by a grant from the Commonwealth Fund 
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was for 5 days at 35 C ± 0 1 m a Warburg bath During this period a very slow 
stream of sterile air was passed through tube 4 The results follow 

Tube 1 — usual cotton stopper (control) gg x,f 

“ 2 — glass capillary 20 “ 

“ 3 — long, diffusion hindered by depth 20" 

“ 4 — long, ventilated gg « 

It seems reasonably clear that the only vanable m this experiment must have 
been the composition of the gas m contact with the growmg cultures This 
consists mainly of COj along tvith some (Lemer and Pickett, 1945), but con- 
tains also appreciable amounts of H 2 S or some similar volatile sulfide (odor and 
lead blackening) Although proof is lackmg, it seems probable that the sulfide 
IS the unfavorable component of the mixture, although CO 2 may possibly also 
exert some influence It may be noted that the medium mvariably blackens 
(FeS?) in the early stages of growth, and that the black, colloidal material floccu- 
lates and settles toward the end of the mcubation period It is thus possible 
that a part of the role of the iron in the medium is to combme with sulfide This 
matter is being mvestigated further 

Recognition of the mjurious effect of the retention of fermentative gases threw 
light on previously unexplamed variations m toxin yields m earlier attempts at 
production m large contamers Thus, it had been noted on several occasions 
that less toxin was obtamed from cultures in long, narrow-necked flasks (volu- 
metric tjTie) filled well mto the neck with broth than m Erlenmeyer flasks three- 
quarters full Such differences, of the order of 20 Lf m volumetric flasks as 
agamst 40 to 50 Lf m Erlenmeyers, had previously been completely unexpected, 
smce It seemed probable that more favorable conditions for anaerobic growth 
would be obtamed wth a mmimum exposure of surface to the air 

At present various expedients are being tned m order to provide more adequate 
disposal of gaseous products of growth m large contamers It is hoped that 
these will lead to a practicable method adapted to large-scale production which 
can be reported later. 


CONCLUSIONS 


Maxunal production of tetanus toxm appears possible only if the gases pro- 
duced durmg growth can be largely and promptly dissipated from the culture 
This fact offers the most probable explanation yet available for the relatively 
poor 3 rields of toxm m large contamers 
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In pcnicillin-sonsitive organisms the antibiotic blocks the normal functionmg 
of sulfliydrj'l groups The blocking results from — SH groups of essential poly- 
peptides of the glutathione type being dehydrogenated more rapidly than they 
are rehydrogenated, exposure of the cells to bacteriostatic concentrations of 
penicillin results m “decompensated respiration,” which is evidenced by a shift of 
sulfhydryl ( — SH) to disulfide fS — S), of aldehydic COH to carboxylic COOH or 
ketonic CO, or of enolic COH to ketonic CO Concomitantly with (or because 
of) these metabolic disturbances m Staphylococcus aureus there occur loss of 
gram-positiveness, loss of ability to absorb silver and other ions from the sub- 
strate, loss of capacity to stain with vital dyes such as neutral red, or with basic 
d5"es in general, and loss of ability to retain a number of normal ceU constituents 
such as amino acids, lipids, phospholipids, nucleic acid derivatives, etc These 
observations have been reported in a senes of publications (Dufrenoy and Pratt, 
1947a,6, 1948, Pratt and Dufrenoy, 1947a, 6, 1948o,6) Subsequently, Massart, 
Peters, and Van Houcke (1947) reported that penicillm at concentrations of 
1 10’ to 1 10* inhibits nbonuclease, and Macheboeuf (1948) observed that pem- 
cillm specifically inhibits mononucleotidase The — SH?::^ — S relationship 
has been stressed m our earlier reports The present paper is concerned pn- 
manly with the changes induced by penicillin m another reversible system nor- 
mally operatmg m aerobic cells, i e , aldehydic COH<::^carboxylic COOH and 
the correlative changes in the activity of alkaline phosphatase, the enzyme which 
“catalyzes the hydrolysis of simple esters of orthophosphonc acid with phenolic 
or alcoholic hydroxyl groups (Danielli, 1946) ” 

Penicillm at an optimal concentration may be considered as disturbmg the 
normal equilibnum between nbo- and desoxyribonucleic acid fractions (Dufre- 
noy and Pratt, 1948) In this connection it is mterestmg to note that m a 
number of species of baotena treatment with toluidine blue reveals the presence 
of metachromatic material, which may be associated with ribonucleic acid m the 
vacuole, and which apparently being closely related to adenosme tnphosphonc 
acid (Wiame, 1947) plays a fundamental role m metabolism This observation 
IS significant, also, smee it is known that microorganisms are most sensitive to 
penicillm when they are m stages of development that are characterized by a 

‘ The work reported in this paper was supported in part by a generous research grant 
from the Cutter Laboratories, Berkeley, California 

’ With the laboratory assistance of Virginia Lamb Pickering 
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degree of basophily, which depends on the presence of ribonucleic acid 
(W^e, 1947, Dustin, 1947), and that as they lose their basophilic character 
with age they become less susceptible to the action of the antibiotic 

MATERIALS AND METHODS 

The test organisms used m this work were Staphylococcus aureus NRRL 313 
and Bacillus subtihs NRRL B-558 Experiments were made with organisms 
grown m broth, on agar plates prepared and mcubated accordmg to the standard 
method prescnbed by the FDA for cyhnder plate assays of pemcillin, and on 
plates prepared and mcubated accordmg to the modified technique previously 
reported (Dufrenoy and Pratt, 1947a et seq ) The peniciUm that was used was 
a ciystallme preparation of sodium benzyl pemcdhn that assayed 1,560 Oxford 
units per mg by the cyhnder plate techmque The concentration of peniciUm 
m the solutions that were used ranged from 0 25 to 4 units per ml It has been 
estimated (Pratt and Dufrenoy, 1948a) that the concentration of penicillin at 
the margm of the inhibition zones formed around cylinders contauung solutions 
of these concentrations is of the order of 0 001 to 0 01 unit per ml 

The sites of activity of alkahne phosphatase on assay plates were detected by 
floodmg the plates with a saturated solution of tnphenolphthalem phosphate,* 
incubatmg for 1 hour at 38 C, and developmg the red color either by exposing to 
the fumes of ammoma or by alkahzmg with 1 per cent aqueous solution of 
NaOH, foUowmg estabhshed procedures (Bray and Kmg, 1942, 1943, Bray, 1944, 
Sols, 1947) For convemence, tnphenolphthalem phosphate will henceforth be 
designated as TPP Activity may be demonstrated m broth cultures by the 
addition of TPP, remcubation for 1 hour, and subsequent alkalization, where- 
upon a red color develops if active alkalme phosphatase is present 

EXPERIMENTS AND RESUI/TS 

Detection of alkaline phosphatase and of phosphates When standard assay 
plates seeded with S aureus, which is known to be endowed with strong alkalme 
phosphatase activity, are subjected to the treatment descnbed above, the zones 
of inhibition appear clear on a red background The red color develops more 
rapidly and is more mtense m the rmg of enhanced growth that circumscribes 
each inhibition zone than m the general background The rmg of enhanced 
growth IS thus revealed as the site of most mtense alkalme phosphatase activity 
This region is also nchest m phosphorous compounds, as is demonstrated by the 
fact that It becomes black immediately follovmg treatment with a 1 per cent 
aqueous solution of cobaltous nitrate followed by a 1 per cent aqueous solution 
of ammomum sulfide, whereas the remamder of the plate fails to react In time 
the entire uninhibited background darkens somewhat, but the reaction never 
becomes as mtense as m the rmg of enhanced growth This test depends upon 
Imkmg the phosphate to cobalt and then convertmg the cobalt phosphate to 
cobalt sulfide, which is insoluble and black and is, therefore, readily nsibJe 

> Kindly prepared bj Mr Edward Alpen in the laboratory of Dr W D Kumler in this 
college 
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Tills corresponds to using the Gomon technique to study the redistribution of 
phosphates on the plate, irrespective of the cause of that redistribution Locali- 
zation of phosphates m the ring of enhanced growth can be demonstrated likewise 
by treating the plates with the molybdenic reagent, whereupon a blue color 
develops more intensely in this region than elsewhere on the plate (Pratt and 
Dufrenoy, 19476) 

It should be pointed out that in order to secure good growth of the test organ- 
isms it was necessary to provide phosphorous compounds in the substrate 
Therefore, positive tests for phosphates were obtained m all parts of the seeded 
layer It is noteworthy, however, that a notably higher concentration occurred 
m the rmg of enhanced growi-h This may be ascribed to the high metabolic 
activit}’’ of the cells in this region, which thus depleted the mitially available 
supply of soluble phosphates, thereby creatmg a diffusion gradient so that phos- 
phates were actually drawn mto this area from other regions of the plate, espe- 
cially the zone of inhibition where the low activity of the cells left a surplus 
available to be dravn mto the region of higher phosphate demand Moreover, 
under the effect of bactenostatic concentrations of penicillm the microorganisms 
would release into the medium organic phosphorylated compoimds which would 
then diffuse mto the regions of mtense growth and there be utilized as growth 
factors 

In order to study the distnbution of alkalme phosphatase on agar plates con- 
tammg phosphate we used the TPP reagent Where phosphatases are active, 
phenolphthalem is liberated and yields a red color upon alkalization Thus 
mterference from phosphates, either pre-existmg m the medium or enzymatically 
hberated, is avoided The reagent can be applied m such a way as to provide 
a pattern of color mtensities representative of the distnbution of enzymatic 
activity 

It should be pomted out that the region shown to possess high phosphatase 
activity IS also the site of greatest dehydrogenase activity, as revealed by the 
tnphenyltetrazolium chloride reagent (Dufrenoy and Pratt, 1948), as well as the 
site of mammal response for reactive sulfhydryl and aldehydic groups (Dufrenoy 
and Pratt, 1947a, Pratt and Dufrenoy, 19476, 19486) Dehydrogenase activity 
IS greatest on 3-hour plates,^ although it is also readily demonstrable on older 
plates, mcludmg those that have been meubated 16 to 18 hours Phosphatase 
activity, on the other hand, although it is readily demonstrable on 16- to 18-hour 
plates, where autolysis is already promment, is only barely perceptible on 3-hour 
plates This is m agreement with the observation of Roche et al (1945) that 
the activity of phosphatase may depend upon the presence of activators that 
are liberated durmg proteolysis The activity of this enzyme system may, 
therefore, be expected to be affected by lysis, either occumng naturally or mduced 
by appropriate concentrations of peniciUm This emphasizes the importance 

■* By “3-hour plates” we mean plates that have been exposed to penicillin for only 3 hours 
during a secondary incubation period that follows a primary incubation period without 
pemcillm, the object of which is to permit the cells to reach the logarithmic phase of growth 
in which they are most reactive to penicillin 
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of the physiological age of the test organisims in studies concerned with the 
evaluation of different reagents or of different cell systems 

Standard plates (i e , plates with 16 to 18 hours of mcubation with penicillin) 
seeded with B subhhs give a strong positive test for dehydrogenase activity but 
fail to give a positive response for phosphatase This is in accord ivith the obser- 
vation of Bayhss, Glick, and Siem (1948), who failed to obtam a positive test for 
phosphatase in cells of B svbhhs unless the enzyme system was activated by the 
addition of alanme plus manganese or of alanme plus magnesium to the sub- 
strate Pett and Wynne (1938) have also shown that there are marked vena- 
tions m the phosphatase activity of different strams of B subhhs and that the 
phosphatase activity depends upon the composition of the substrate A thresh- 
old that delimits the inhibition zones from the uninhibited background may bo 
demonstrated on S aureus plates treated with appropriate reagents for reducing 
groups, for dehydrogenases, or for alkaline phosphatase In senal dilution 
studies in broth, a similar threshold that partitions tubes that give no response 
from those that give a positive color reaction has been demonstrated with the 
same reagents Experimental results show that the threshold for activity of 
alkalme phosphatase and for dehydrogenase obtains at about 0 01 unit per ml, 
which corresponds to the concentration of penicillin previously estimated to 
occur at the margms of mhibition zones on assay plates (Pratt and Dufrenoy, 
1948a) The piinciple that is mvolved in the rapid assays on plates (Goyan, 
Dufrenoy, Strait, and Pratt, 1947, Pratt and Dufrenoy, 1947c, Pratt, Goyan, 
Dufrenoy, and Strait, 1948) applies equally well to assays by the serial dilution 
method Either the tnphenyltetrazolium chloride reagent for dehydrogenases 
or the TPP reagent for alkalme phosphatase can be used to define the threshold 
between bacteriostatic and subbactenostatic concentrations of penicillin after 
a much shorter period of time than is required for estimation of the end pomt by 
means of turbidimetry 

Detechon of aldehydic groups on assay plates Smce the threshold for alkalme 
phosphatase activity on assay plates (see above) comcides with the previously 
demonstrated threshold for — SH groups, i e , both are lacbng in the zone of 
inhibition and are promment in the circumjacent ring of enhanced growth, and 
smce there may be correlation between the rate of hydrolysis of phosphoiylated 
compounds and the oxidation-reduction potential (Roche el al , 1945, Morel cl al , 
1947) it appeared worth while to attempt to obtain direct evidence of the presence 
of aldehydic groups at those sites To this end, plates seeded with S aureus 
were carefully flooded with a solution prepared by dissolving 25 mg azo-benzene- 
phenyl-hydrazme-sulfonic acid® m 100 ml of 10 N H 2 SO 4 This reagent is stat 
by the British Drug Houses, Ltd , to yield a ruby-red color mth aliphatic alde- 
hydes and a blue color with aromatic aldehydes In our expenments, 
color appeared most rapidly m the rmg around each zone of inhibition and then 


‘ This compound is available from the British Drug Houses, Ltd , London, England 
The solution of this reagent can be used to develop 3 hour plates, “^cording to J 

described methods (Dufrenoy and Pratt, 1947a, Pratt and Dufrenoj, 19476, <d, tbe rones 
of inhibition appearing as unstained areas sharply delimited b> the purple ba gr 
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graduall}’’ spread throughout the uninhibited background This confirms our 
earlier obsen'ation (based on several tests, including the Schiff reagent) that 
aldehj'des, probably a mixture of aromatic and aliphatic, are present in abun- 
dance in the ring of enlianced groivth but are absent, or at least are not demon- 
strable, wntli the tests used, in the zones of inhibition 

According to Genevois (1947) the following test is specific for aldehydes A 
solution consistmg of 1 volume of 10 per cent nitromethane m 55 per cent alcohol 
and 4 volumes of 5 per cent aqueous potassium carbonate is allowed to act on the 
test matenal at 40 C for 3 hours Since this reagent is reported to block alde- 
hydic groups, the failure of color to develop on test plates so treated and then 
exTiosed to the Schiff or any other suitable aldehyde reagent that gives a positive 
test on untreated plates could be taken as evidence of the mvolvement of alde- 
hyde groups 

In order to ascertam whether the groups responsible for the positive tests that 
were observed with the Schiflt reagent and with the azo-benzene-phenyl hydra- 
zme sulfonic acid reagent were actually aldehydic, we pretreated assay plates 
with the solution proposed by Genevois before addition of the aldehyde reagent 
We have observed that pretreatment with Genevois’ solution completely pre- 
vents formation of color on the plates 

DISCUSSION 

It has been reported that “penicillm, m concentrations sufficient to arrest 
completely the grow1;h of certam bactena, was found to have no significant effect 
on the phosphatase activities of these bactena (Bayhss, Ghck, and Siem, 1948) ” 
Using the TPP reagent, we have confirmed the observation that high concen- 
trations of penicillm (100 umts per ml) actmg for a few hours do not mactivate 
a lkalin e phosphatase in S aureus This result is not at all surpnsmg, smee 
phosphatase activity is known to be mdependent of the survival of the cell 
This IS evidenced by the fact that such activity can be demonstrated m cells that 
have been fixed m acetone or other suitable agents (Damelh, 1946, Bayhss, Ghck, 
and Siem, 1948) 

In our work we have been concerned with concentrations of the order of those 
that one might expect to encounter m therapeutic practice Our experiments 
show that m such concentrations pemcillm inhibits the activity of alkalme phos- 
phatases, as may be evidenced by use of the TPP reagent The report of Natara- 
]an and De (1946) supports our conclusions They studied the effect of solutions 
containmg from 0 25 to 1 imit per ml on the activity of bone phosphatase and 
observed that “pemciUm m the maximal concentrations that can be produced 
m the tissues does not significantly inhibit bone phosphatase On the other 
hand, a marked mhibitmg action is noticed with lower concentrations of pem- 
cillm ” Their data, covenng the range from 0 to 1 imit per ml, afford another 
example of the typical maximal effect at an optimal dosage withm the range of 
practical therapeutic concentrations It is m this range that pemciUin most 
effectively mediates a shift toward the right m the equilibnum — SH ^ S — S 
m the cham of events operatmg m the aerobic respiratory system, correlatively, 
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tbs entails a shift from aldehydic COH to ketonic CO and to carboxylic COOH 
as evidenced by the formation of fatty acids and the lowering of pH 

SUMMARY 

A study was made of the distnbution of phosphates, of aldehydes, and of 
alkalme phosphatase activity on different parts of penicillin assay plates seeded 
with Staphylococcus aureus or with Bacillus subtths 
The molybdenic reagent and a modiBed Gomori test were used to demonstrate 
the location of phosphates Aldehydes were revealed by the use of the Schiff 
reagent and by the use of a solution of azo-benzene-phenyl-hydrazine-sulfonic 
acid in H 2 S 04 Pretreatment of the plates with a solution contaming nitro 
methane in alcohol and aqueous potassium carbonate, which Genevois has sho'vn 
blocks aldehydic groups, prevented development of a positive test ivith the 
aldehyde reagents This is taken as evidence that the positive tests obtained 
m the absence of pretreatment with the blockmg agent were actually due to the 
presence of aldehydes Sites of phosphatase activity were located by the use of 
tnphenolphthalem phosphate followed by alkalization 
Positive reactions for phosphates, for aldehydes, and for alkalme phosphatase 
activity were obtained throughout the unmhibited regions, and were most 
intense at the sites of the nng of enhanced growth which surrounds each inhibi- 
tion zone and which corresponds to a region in which the cells are exposed to 
appreciable but subbactenostatic concentrations of penicillm Only negative 
tests were obtained within the inhibition zones 
Serial dilution studies with broth cultures confirmed the results obtained on 
assay plates 
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Attention has recently been focused on the identification of the actinomycetes 
because of the ability of some members of this group to produce antibiotics The 
determinative procedures now in use are based primarily on morphology, pig- 
mentation, and groviih characteristics on media composed of complex natural 
substrates With such media one can often observe a variety of pigments and 
colony types produced by the same organism In inexperienced hands, this 
leads to difficulties m mterpretation of results, and one is often forced to designate 
a particular isolate as one of several species rather than one distinct species To 
aid m the identification of a group of antibiotic-producmg actmomycetes under 
study, an mtensive mvestigation of their utilization of carbon compounds m 
chemically defined media was undertaken 
Prior to the current mvestigations a number of workers had studied the utili- 
zation of carbon compounds by some species in this group Beijermck (1900), 
Sames (1900), Caminiti (1913), Fousek (cited by Waksman, 1919), I&ainsky 
(1914), and Gray and Thornton (1928) each tested a few materials and found that 
various members of this group could grow on media contaming different carbon 
sources More extensive tests on carbon compounds were made by Salzmann 
(1907), Munter (1913), and Waksman (1919) Recently Taylor and Decker 
(1947) showed that various plant pathogenic actinomycetes could be separated 
from nonpathogenic isolates on the basis of their reactions on carbon compounds, 
as well as other criteria The studies of Cochrane (1947) also mdicated that 
different species in the genus Actinomyces might be separated on the basis of acid 
production 


METHODS 

Routine identifications Gram reactions were determmed, condidial and hyphal 
dimensions were measured, and the growth characteristics and responses of the 
various isolates were observed on the following media, nitrate broth, tiyptone 
broth, starch agar, Kligler’s double sugar medium, gelatin, litmus milk, tyrosme 
broth, nutrient broth, D-glucose agar, Czapek’s sucrose agar, calcium n butyrate 
agar, Dorset’s egg medium, Loeffler’s serum medium, potato slants, and carrot 
slants Insofar as possible, all media prepared and procedures followed were 
those recommended in A Manual of Methods for Pure Culture Study of Bacteria 
(1946), or cited in Bergey’s Manual of Determinative Bacteriology (1939, 1946) 
Some of the results thus obtamed were used m species identification of each of the 

107 



108 


T G PRIDHAM AND DAVID GOTTLIEB 


[vOL 5G 


isdates, foUowing the key m Bergey’s Manual (1946) » The identities of the 
cMerent acquisitions are recorded in table 1 and some of the more important 
characteristics m table 2 

Reaction on chemically defined media Stock cultures of the isolates were mam- 
tamed on a synthetic medium contammg either D-glucose or starch as a carbon 
source, or m nutnent broth (tryptone 0 5 per cent, yeast extract 0 3 per cent) 
The utilization of carbon compounds was tested on the foUowmg basal medium 


(NHdiSO^ 
KHjPO, 
KjHPO< 
MgSO« 7H,0 
CuSO< 5 H 2 O 
FeSO< 7HjO 
MnCh 4HjO 

Znso, ms 

Difco agar 
Distilled water 


2 64g 
2 38g 
565g 
lOOg 
0 0064g 
OOOllg 
0 0079g 
OOOlSg 
ISOOg 
1,000 ml 


This medium ivas adjusted to pH 6 8 to 7 0, tubed in O^-rnl amounts, and auto- 
claved After cooling to about 45 C, sterile aqueous solutions of the carbon 
compoimds were added to give the proper concentration The carbohydrates, 
polyhydne alcohols, DD-mositol, and salicin were added such that that the final 
concentration was 1 per cent, the phenols 0 1 per cent, and the sodium salts of 
the orgamc acids 015 per cent Those matenals sufficiently soluble in water were 
stenlized by filtration through Seitz EK filter pads Some compounds (dextrin, 
starch, dulcitol, DL-mositol, and sahem) that were relatively msoluble or did not 
filter well were added directly to the basal medium m the proper concentration 
pnor to tubing and stenlization After addition of the carbon sources, the tubes 
were slanted, allowed to solidify, and meubated to determme sterility 

Inocula were prepared by growmg the isolates in nutnent broth (Difco 
tryptone 0 5 per cent, yeast extract 0 3 per cent) at room temperature for 2 
weeks The liquid was decanted, and the remammg mycelium was washed with 
sterile distilled water, transferred to 100 ml of stenle distilled water, and thor- 
oughly sbabpn One-half ml of this suspension was allowed to flow over the 
surface of the test medium Controls consistmg of tubes of basal medium alone 
were always moculated with each run Observations for the presence or absence 
of growth were made after 10 days’ mcubation at 26 C The ability of the dif- 
ferent compoimds to support growth was tested in 2 to 14 replicate tubes for each 
matenal and the experiments were usually repeated from 2 to 9 times dunng 
an mterval of 18 months 


RESULTS 

Identification of isolates The charactenstics of those cultures that were 
received under specific names agreed with our determinations except for minor 

* The authors are greatly indebted to Dr R S Breed, New York Agncultural Tiipcri 

ment Station, and to Dr S A Waksman, New Jersey Agncultural Experiment Station, for 

kindly furnishing this information 
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differences (tables 1 and 2) The unknown isolates, however, were harder to 
identify because of difficulties in the evaluation of pigment production and colony 
types Some of the charactenstics so determmed could not be appropriately 


TABLE 1 

Source and tdenltly of cultures 


ISOLATT 

somcE 

IDEHTITY 

SCreptomyces grtscus A2 

S A Wakflman, Rutgers Univ 

As received 

" B 

G H Savage, The Upjohn Co 

If If 

“ 72 

H W Anderson, Univ of 111 

ff tt 

“ " 434 

A J Whiffen, The Upjohn Co 

tt It 

iS lavendulae 3440-14 

S A Waksman, Rutgers Univ 

tt It 

A 

ATCC 

tt It 

A-56, probable strain of S 
lavendulae 

A J Whiffen, The Upjohn Co 

S lavendulae 

A-151 probable strain of S 
lavendulae 

it It tt tt it tt 

It tt 

A-10 variant of S lavendulae 

H W Morton, Umv of Penn 

It tt 

S anltbtoltcus 

S A Waksman, Rutgers Umv 

S antibiolicus 

A scabtes 

W D Thomas, Col State Coll 

As received 

A scabies 3352 

ATCC 

tt It 

A albus 618 

ATCC 

it It 

A-105, A erythreus, fradtae, al- 
bosporeus, or califomicus 

H E Morton, Umv of Penn 

S fradtae, or cl- 

83D, unidentified 

H W Anderson, Umv of 111 

bosporeus 

S flavovtrent 

211, unidentified 

C H Meredith, Iowa State 

S erythrochromo- 


Coll 

genes 

8-48, umdentified 

D Gottlieb, Umv of HI 

S gnseolus, rut- 

8-12, umdentified 

tt tt tt It tt 

gemensis, or 
halstedii 

S fradtae or al- 

8-80, umdentified 

tt tt ft It tt 

bosporeus 

S fradtae, albo- 

8-96, umdentified 

tt tt tt tt If 

flavus, or calt- 
forntcus 

S fradtae, albo- 

8-44, unidentified 

tt tt tt Cl 1C 

flavus, or ccit- 
fomteus 

S lavendulae, or 

S molaceous-ruber 3030 

S A Waksman, Rutgers Umv 

reltcult 

As received 

Nocardia gardnen 3449 

ft tt tt tt tt 

If If 

N aslerotdes 3308 

tt It It If fC 

CC Cf 

N polychromogenes 3409 

If If If Cl Cl 

1C ff 

Mtcromonospora sp 3450 

ft tt ft tt tt 

M fusca 

» “ 3451 

It It If It If 

If If 


fitted mto the key For this reason some of the isolates were given more than 
one possible species designation (table 1) 

Growth responses to carbon sources in chemically defined media Generally, the 





TABLE 2 


Cultural characlensltcs of various achnomyccies* t 
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growth responses on the different media were well defined and were similar m the 
various experiments performed over a period of 18 months The ability of the 
different isolates to grow on the test media varied considerably m different species 
(table 3) In every case, the control tubes showed very little or no groivth, and 
those tubes m vhich the isolates could effectively utilize the particular carbon 
source had verj’’ profuse growth Occasionally, only very slight growth was 
obseiv'cd with some materials, indicatmg that the particular compoimd was not 
an adequate source of carbon m that concentration, or that the matenals used 
contamed traces of other compounds It is significant that all the species tested 
could be differentiated from one another on the basis of their gro\vth on the 
various carbon sources alone (table 3) and these differences could be substantiated 
by other phj'siological characteristics (table 2) 

The four strains of S gnseus, although obtained from different sources, gave 
identical reactions, thus mdicatmg a marked uniformity m the different isolates 
of this species Similarly the two Imown strams of S lavendulae (^Actinomyces 
lavendulae and 3440-14) and isolate A-151, identified as S lavendulae, likewise 
gave identical reactions mth all but one of the compounds, sodium acetate Of 
the remaining isolates tentatively identified as <S lavendulae, A-10 and A-56 
differed from the accepted strains of S lavendulae m the utilization of only two 
of the compounds 

Particular interest was placed on the results obtamed with isolates 83D and 
8-44 Isolate 83D produces actinomycm,- an antibiotic elaborated by S anii- 
biolicus and other Slreptomyces sp (Waksman and Woodruff, 1940, Waksman, 
Geiger, and Reynolds, 1946) This isolate, which was identified as S flavovirens, 
differs from <8 anlibioHcus on sl\ of the carbon sources tested as well as on the 
routine media, thus tvo different knowm species produce the same antibiotic 
Isolate 8-44 resembles S lavendulae or S reiicuh when determmed by the usual 
identification procedures, but appears quite different from S lavendulae m its 
ability to utilize some pentoses and sodium acetate In addition, 8-44 produces 
only the antibiotic, chloromycetm, whereas S lavendulae produces streptothricm 
Isolate A-105 resembles to a large degree isolates 8-12, 8-80, and 8-96, by the 
usual keys, but differs from them m the utilization of four of the compoimds 
tested Both isolates A-105 and the 8-80 group’ produce antibiotics with some 
similar properties, but these antibiotics have not been completely charactenzed 
The two strains of S scabies, which appeared different when the routme pro- 
cedures for identification were used, also exhibited a number of differences m 
ability to utilize the various carbon sources tested Twelve differences on the 
test media combmed with the differences observed durmg prelimmary identi- 
fication might mdicate that one of these isolates is not a true S scabies, or that 
stram differences m this species are very marked 
With the exception of N gardnen, the species of Nocardia and Micromonospora 

^ Unpublished results of H tV Anderson and H E Carter, University of Illinois 
* Unpublished results of David Gottlieb, P K Bhattacharyya, and H E Carter, Uni- 
versity of Illinois 
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gave inconclusive results, since these microorganisms did not grow well on the 
test media 

Using the mformation provided m table 3, a flow sheet (figure 1) was prepared 
on which all the antibiotic-producmg isolates could be separated on the basis of 
their growth responses Other sunple tests could be readily fitted mto this 


Rhamnoso — 
RafRnose — 

I 

S gnseus 
S lavcndulae 


Xylose — 
Mannitol — 
Lactose — 
Na-acetatc (— ) 


(S lavendulae) 


Dulcitol — 
Inositol 4- 

I 

8-SO group 
S flavovtrens 


Na-acetate + 
Na succinate — 

I 

(8-80 group) 


XjlosQ + 
Mannitol + 
Lactose + 

Na acetate + 


(S ffnseus) 


Dulcitol + 
Inositol + 

I 

(A-105) 


Na-acetate — 
Na succinate 4- 

I 

(S flavomrens) 


Rhamnose 4- 
RafRnose -f 

I 

8-80 group 
S jlavomrens 
N gardnen 
A-105 


Dulcitol — 
Inositol — 

I 

(N gardnen) 


Rhamnose -j- 
Raffinose — 

I 

8-44 

S aniibtoticus 


Manmtol 4" Mannitol — 

Inositol -{- Inositol — 

1 I 

(5 anlibioticus) (8-44) 

Figure 1 Flow sheet for the separation of antibiotic-producing isolates on the basis of 
utilization of carbon compounds in a chemically defined medium 


scheme (table 2) Further to substantiate the differences between any two 
species on the flow sheet other responses from among those listed m table 3 eould 
be chosen A knowledge of the utilization of carbon compounds m a chemically 
defined media should be a valuable addition to determinative keys and aid m the 
identification of members of the Achnomycetales, especially the genus Strepto- 
myces It is of special mterest when a small group of organisms are concerned 
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such as the antibiotic-producing actinomycetes, among these most of the species 
can be separated by such reactions alone 


SUMJIART 

Twenty-seven isolates of organisms belongmg to the genera Slreplomycesi 
Nocardta, and Mtcromonospora have been tested for their ability to utilize 33 
different carbon compounds as a source of carbon m a chemically defined medium 
The results obtained with the antibiotic-producmg streptomycetes and others 
mdicate that such reactions can aid species identification All of the strepto- 
mycetes studied were found to utilize D-glucose, D-mannose, starch, dextrin, and 
glycerol, but not eiythritol, phenol, o-cresol, m-cresol, p-cresol, Na-formate, 
Na-oxalate, and Na-tartrate Reactions on the other carbon compounds varied 
with the particular species 
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Studies on microbial assimilations have shown that definite quantitative 
relationships e\ist between the amount of a foodstuff dissimilated and the amount 
assimilated by nonproliferatmg cells of a given species (see review by Clifton, 
1946) Clifton and Logan (1939) observed appro\imately the same quantitative 
relationships between the extent of oxidation and assimilation m actively pro- 
liferating cultures as in washed suspensions of Eschenchta coh YTielton and 
Doudoroff (1945) obsen^ed that assimilation from a vanety of substrates m 
cultures of Pseudomonas saccharophtla was generally less than m suspensions, 
synthesis durmg growth in a glucose medium most closely approaching that 
obsen^ed wnth resting cells plus glucose Since considerable work has been done 
on assimilation by yeasts, this study was mitiated m an effort to compare the 
extent of assimilation in cultures with that observed in suspensions of Saccharo- 
myces ceretnsiae Fink, ICrebs, and Lechner (1939) observed m macro growth 
expenments that 90 per cent of the carbon postulated to be assimilated by washed 
suspensions accordmg to the equation 

CeHiiO, -> 2CH,CHO + 2 CO 2 4- 4H 

was actually assimilated dunng the growth of Torula ulths In the followmg 
studies on assimilation in cultures of S cereviszae, the problem of assimilation is 
more complex smee marked changes m respiratory activity were noted during 
growth Typical data will be presented and an attempt will be made to correlate 
the observations on assimilation m actively growmg cultures with those pre- 
viously reported for restmg suspensions (Pickett and Clifton, 1943, Winzler, 
1940) 


EXPERIMENTAL PROCEDURE 

One culture of S cerensiae freshly isolated from a cake of Fleischman’s yeast 
and two laboratory strams were employed These organisms were cultured m 
a basal medium adjusted to pH 6 6 to retard the marked shift m pH to as low as 
pH 2 5 dunng groivth Control expenments with media of pH 5 0 indicated that 
pH effects were not responsible for the growth and respiration results reported 
herem The medium consisted of NH4CI, 2 0 g, K2HPO4, 1 0 g, MgS04, 0 5 g, 
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KCL, 0 0 g, and, in the experiments recorded here, 0 01 g FeSOi Trace salts 
(Snell et al , 1940, 1 0 ml to 1,000 ml of medium) ^\ere emplo 3 ’-ed in some of the 
later experiments but had no mfluence on the results obseiNed In a number of 
experiments a vitamm mixture was added to the basal medium to give the follow- 
mg concentrations in micrograms per liter 100 B,, 50 Bj, 50 Be, 200 pantothenic 
acid, 50 para-ammobenzoic acid, 200 niacmamide, 400 inositol, 100 choline, 5 
biotin, and a trace of fohc acid Doublmg the concentration of growth factors 
had no appreciable effect on growth or respiration Glucose, or other sugars, 
were added to give a concentration of 1 0 per cent 

The cultures were mcubated in a constant temperature room at 25 C and were 
contmuously aerated in a closed system similar to that described by Wood ci al 
(1940) Carbon dioxide was determined by titration of residual potassium 
hydroxide in an adsorption vessel rather than by gravimetric methods Erlen- 
meyer flasks were employed as culture vessels, their contents being stirred inth 
a magnetically driven stirrer Air was contmuously circulated over the surface 
of the medium The moculum m all experiments recorded here was from 24-hour 
cultures m the basal glucose medium enriched with vitamins with the exception 
of the experiment reported m table 1, m which the moculum was from Sabouraud 
agar 

Glucose was determmed by oxidation with cenc sulfate, alcohol by dichromatc 
reduction, and carbon by the method of Van Slyke and Folch (1940) Samples 
from the cultures were centrifuged m centrifuge combustion tubes, and as much 
as possible of the supernatant fluid was removed without disturbing the cells 
The cells were then washed with acidified water, centrifuged from the suspension, 
and a layer of freshly precipitated banum sulfate was deposited over the cells by 
centrifugation This layer of banum sulfate greatly facilitated the removal 
of the supernatant wash fluid without disturbmg the cells Numbers of yeast 
cells were determmed by direct countmg in a Petroff-Hauser counting chamber 
Slight modifications m experimental procedure vnll be mentioned under individual 
experiments 


EXPERUffiNTAL RESULTS 

In a series of preliminary experiments it was observed that little or no oxygen 
was consumed m the first 16 to 24 hours of mcubation of aerated cultures m the 
basal medium plus glucose Considerable multiplication and carbon dioxide 
production were noted dunng this time intenml and analyses for ethyl alcohol 
mdicated marked aerobic fermentation A much greater crop yield was ob- 
tamed m 24 hours m nonaerated cultures, w'hich suggested that oxygen under 
ordmaiy atmosphenc tension might be inimical to the grovth of yeast in the 
early growth phases Control-aerated growth experiments without carbon 
dioxide absorption mdicated that the remoxal of carbon dioxade from the circu- 
latmg air was not the factor responsible for the retardation of growth in aerated 
cultures Also growth experiments m Warburg flasks, with and without carbon 
dioxide absorption, gax e results similar to those obtained in the Brew er-'W erkman 
apparatus, thus rulmg out the possibility of expenmental error wafh this latter 
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apparatus On the assumption that a high o\idation-reduction potential might 
be inhibitory to oxj^gen consumption or enzyme formation, reducing agents such 
as thioglycolate, inorganic sulfides, thiosulfate, and cysteine were added to the 
basal medium with little or no change m the observed growth and metabolic 
acitivity In other experiments the growth factors and trace salts listed imder 
experimental procedure were added separately and together to the basal medium 
plus glucose with little noticeable difference m metabolic behavior of the yeast 
as compared with that m the basal medium plus glucose control aerated cultures 
The rate of growth was somewhat greater in the basal medium enriched with the 
vitamin mixture Therefore only the results of growth metabolism studies m the 
enriched basal medium will be presented here, as they are typical of those ob- 
senmd in the different experiments In the particular experiment reported m 
table 1, alcohol determinations are reported for alcohol in the medium and alcohol 
lost by the medium but absorbed by potassium hydroxide, the carbon dioxnde 

TABLE 1 

Carbon ulibzaiton during growth in mlamin glucose medium 



* Remnants of disintegrating cells seen, only intact cells counted 


absorbent Some error may be mtroduced by a small amount of nonabsorbed 
alcohol m the circulating air stream Supernatant carbon values are low, 
because of the loss of alcohol by volatilization on the addition of combustion 
fluid In subsequent experiments the combustion flaslrs were held m ice water 
durmg the addition of combustion fluid, which was added dropwise, and carbon 
balances were much closer to 100 per cent Carbon balances, calculated on the 
basis of the original 60 ml of medium, are recorded m table 2 

In another experiment the behavior of two laboratory strams of S ceremszae 
was compared ivith that of the stram freshly isolated from Fleischmann yeast 
There was no appreciable difference m groivth and metabolic activity of the 
three strams with the exception that one stram (FF 17, obtamed from the Amen- 
can Type Culture Collection m 1927 as no 577) grew in large clumps that could 
not be readily dispersed, and analytical results for cell carbon were not reliable 
Hence, comparative results are recorded m table 3 for the Fleischmann stram 
(FY) and FF-16, a stock stram origmally obtamed from F W Tanner 
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A comparison was also made between gro\vth and metabolic activity in the 
glucose vitamin trace salt medium and on the same medium solidified by the 
addition of 2 per cent agar Air was contmuously circulated over 30 ml of the 
agar medium, which had a depth of 9 mm Oxygen consumption was noted 
dunng the early stages of grovd,h, but the R Q was considerably above unity 
(0 to 10 hr, 2 13, 10 to 21 hr, 2 76) for the first 21 to 30 hours, then fell to a value 
of 0 56 for the period 48 to 61 hours Oxygen consumption and carbon dioxide 


TABLE 2 

Carbon balance during growth of S cerevistae 
(Calculated on basis of 60 ml medium originally containing 252 7 mg C) 


Cellular 

Supernatant 

Alcohol 

vaporized 

COj 


TIME IN BOUTS 


16 


”>e 

17 7| 


% 

7 0, 


23 


mg 

22 81 


% 

9 0] 


141 856 0 99 539 A, 

7 1 2 8 18 7 7 4 
35 914 2' 78 431 1 


27 


mg 


% 


25 7,10 2 
73 929 2 


40 


mg % 
36 8 14 5, 
31 212 4 


57 1’22 6 43 9 17 4| 

72 7I28 8 93 5 37 0 
I I 


52 


mg % 
41 0 16 2| 
14 4 5 7i 


64 


mg % 
40 2 15 91 
11 9) 4 7, 


72 


mg 

38 8{ 
10 9] 


46 5'18 4[ 53 821 2[ 56 0 
113 2J44 8|141 lj55 9,151 2] 


IS 4 
4 3 

22 1 
SO 8 


Total 

recovered 


202 5 80 1 219 4 86 8 229 4 90 8 205 4 81 3 215 1 85 1 247 0 97 7,250 9,101 7 

t I I < I II 1*1 I I 


TABLE 3 

Comparative carbon balance with two strains of S cerevmae and glucose or sucrose as 

substrate 


PER CENT OSICINAE CARUON 



F 

Glucose 

T 

Sucrose 

FF 16 Glucose 

Cells 

15 4 

20 3 

mm 

Supernatant j 

4 3 

16 2 

mSU 

Alcohol vaporized 

22 I 

27 4 


CO, I 

59 8 

37 0 

mm 

Per cent recovery 

101 6 

100 9 

104 0 


production were negligible in the penod 61 to 69 hours The cells verc then 
removed from the agar surface, v ashed by centnfugation, and cell counts and 
carbon determinations were made on representative samples The agar was 
homogenized m 4 volumes of vater m a Waring “blendor,” and aliquots verc 
used for the determination of volatile acids (none found), alcohol (0 62 mg), and 
reducmg substances such as glucose The carbon balance is reported in table 4 
The extent of carbon assimilation was somewhat higher on the agar medium 
than in the same medium without agar The possibility exists that there may 
be a .imall amount of available carbon m the agar, but the carbon balance docs 
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not support this suggestion The cell crop per ml of medium was approximately 
three times greater on the agar medium than in the liquid medium, although 
single cell carbon was less, 0 5 X 10“® mg as compared with 1 0 to 1 2 X 10~® mg 
m the liquid medium 

Essentially the same type of results (see table 3) was obtained when glucose 
was replaced by sucrose as the energy carbon source The maximum cell count 
was not quite as high, but the cells were observed to be laiger and their carbon 
content tended to be approximately double that of the cells cultivated m the 
glucose medium The amount of carbon assimilated was also slightly greater 
m the sucrose medium, approximately 20 per cent as compared with 15 to 16 per 
cent A greater extent of assimilation from sucrose and maltose than from glu- 
cose had previously been observed with washed suspensions of yeast (Clifton, 
1947) 

With maltose as the substrate the results are of a preliminary nature When 
a technical grade of maltose vas used m the medium, the rate and extent of 


TABLE 4 

Carbon balance of S ccretnstae culltvaled on solidified synthetic medium 
(Original glucose plus cell carbon = 137 45 mg) 


CA&CON 

HO 

PES CENT 

Cellular 

32 0 

23 3 

CO. 

69 7 

60 7 

Alcohol vaporized 

30 8 

22 4 

Glucose 

7 0 

5 1 

Total 

1 139 5 

101 5 


growth appeared to be somewhat higher and aerobic fermentation was not as 
pronounced as with glucose and sucrose Less difference was noticed with a 
purified sample of maltose These studies are being continued to determme 
whether a substance (or substances) is present m crude maltose that may act 
as a growth stimulant 

In experiments (Swanson, 1947) conducted under comparable conditions, the 
extent of assimilation dunng groivth was determmed The percentages of carbon 
assimilated from various sugars, corrected for carbon in ethyl alcohol lost by 
vaporization, were as follows crude maltose, 29 per cent, sucrose, 28 per cent, 
glucose, 20 per cent, and cp maltose, 16 5 per cent, m enriched S 3 mthetic medium 
and from glucose m the same medium solidified with agar, 30 per cent In a 
number of expenments approximately 37 per cent of the carbohydrate carbon 
was evolved as carbon dioxide from crude maltose or cp sucrose as compared with 
51 to 60 per cent from cp glucose or cp maltose Ethanol lost from the medium 
by aeration ranged from 22 to 27 per cent of the carbohydrates dissimilated, vath 
the exception of crude maltose, with which the loss was only 12 per cent Micro- 
scopic exammation of the cells from the various media suggested that crude mal- 
tose may contam a factor that stimulates buddmg, the cells from the sucrose 
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medium tended to be larger than those m glucose or maltose A greater tendenc} 
for the cells to adhere to each other was noted m the maltose medium 
Smce carbon dioxide production is much greater than oxygen consumption in 
young cultures of S cerevisiae m the synthetic medium, it was necessary to detcr- 
mme if the age of the culture or the nature of the medium mfluenced respiration 
of washed cells Accordmgly, 14-, 24-, and 48-hour cultures m the sjmthetic 
medium were harvested by centrifugation, and the respiratory activity of these 
cells was tested by the Warburg technique Cells from the 14-hour cultures 
consumed relatively little oxygen but did produce considerable amounts of car- 
bon dioxide, both aerobically and anaerobically Cells from older cultures 
consumed oirygen more readily and with little evidence of aerobic fermentation as 
evidenced by an R Q near imity Suspendmg the cells m the synthetic medium, 
m Kreb’s salme, or m m/15 phosphate buffer, had no apparent influence on 
the rate of respiration Hence it appears that the nature of the respiratory ac 
tmty of washed cells vanes with the age of the parent cultures or, more to the 
pomt, with the presence or absence of glucose m the culture medium at the time 
the cells were hanmsted This behavior is bemg studied m more detail 

It appears that the normal mode of utihzation of glucose m young aerobic 
cultures in the synthetic medium may be primarily by way of alcoholic fermenta- 
tion, with subsequent oxidation of the alcohol as glucose disappears from the 
medium 

In a growth experiment of six hours’ duration with glucose as the carbon source, 
respuation was entirely fermentative Carbon dioxide and ethyl alcohol ac- 
counted for 63 5 per cent of the glucose disappearmg from the medium m a molar 
ratio of 3 16 to 4 13 This suggests that a considerable portion of the carbon 
dioxide produced durmg fermentation is assmiilated by the cells Only 13 3 
per cent of the glucose utilized was accounted for as cellular material, indicating 
that with proliferatmg cells durmg the first stages of glucose utilization, 23 2 
per cent of the sugar was transformed mto products other than carbon dioxide, 
ethyl alcohol, and cellular matenal Glycerol and nonvolatile acids may, in 
part at least, account for much of this decrease m reducing sugar content of the 
medium Therefore additional studies on the oxidative assimilation of glucose 
and of alcohol by the Fleischmann stram of yeast uere made 

Yeast cells cultivated -mthout aeration m the synthetic medium for 24 hours 
were washed and suspended m IO:ebs’s salme phosphate buffer of pH 5 0, and 
carbon dioxide production m m/200 glucose vas determined by the Warburg 
technique Under anaerobic conditions, carbon dioxude production of 73 per 
cent of the theoretical value for complete fermentation was observed together 
with an mcrease of cellular carbon of from 0 13 to 0 14 mg as compared with a 
postulated assmulation of 0 18 mg based on the equation 

2C(;Hii 06 — ^3(CH:0) -f- 3C:HiOH -b SCOj 

Under aerobic conditions the mcrease m cellular carbon was 0 36 to 0 38 mg as 
compared with 0 48 mg postulated by the equation for oxiclatnc assimilation of 

glucose 
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CcHisOo + 2O2 4 (CHsO) + 2 COj + 2H2O 

Similar quantitative iclationships were obsen'-ed with cells from Sabouraud’s 
agar 

The oMdative assimilation of alcohol involves an o\ygen consumption of ap- 
proximately 58 per cent of that lequiied for complete combustion and a carbon 
dioxide production of 47 pei cent -with an R Q of 0 54 (theoretical 0 66) This 
would suggest 

CjHsOH + 2O2 -* (CH2O) -f CO2 -f- 2H2O 

as an appioximate equation foi the oxidative assimilation of alcohol by yeast 
Experimental!}’' an assimilation by washed cells of as much as 0 58 mg of carbon 
(theory 0 6 mg) has been observed from 1 2 mg of ethyl alcohol carbon In 
macro growth experiments vnth ethyl alcohol as the sole substrate the rate of 
growth was so slow that the results are of little value However, m the glucose 
medium a rapid decrease in alcohol content was obsen’'ed, together with oxygen 
consumption and increases in cell count and cellular carbon, after glucose dis- 
appeared from the medium This indicates that alcohol can be o'xidatively as- 
similated by proliferating cultures of yeast 

DISCUSSION 

The first stage m the utilization of glucose, sucrose, or maltose m an aerated 
vitamin-salt medium by proliferating cultures of the strams of S cerevistae here 
employed was found to be one of fermentative assimilation Little or no oxy- 
gen was utilized in this initial stage, and some indication that oxygen exerted an 
mhibitory action was observed Furthermore, washed cells from young cul- 
tures did not consume oxygen with any of the above-mentioned sugars as the 
substrate, but did ferment them aerobically, whereas cells from older cultures 
readily utilized oxygen Fermentative assimilation dominated over aerobic oxi- 
dation as long as there was an appreciable quantity of reducmg sugar m the 
synthetic culture medium The rate of cellular proliferation and synthesis of 
cellular carbon was greatest durmg the penod of fermentative assimilation 

Although Lundm (1923) reported assimilation by yeast cells without prolifera- 
tion when ethanol was used as the substrate, whereas Stier (1939) recorded that 
ethanol is apparently not used for carbohydrate synthesis, our results mdicate 
on the basis of the comparatively large quantities of ethanol (as an mtermediate 
from the utilization of glucose) disappearmg from the medium that both respira- 
tion and assimilation occurred together ■with proliferation In other studies to 
be reported later it has been observed that ethanol as the carbon and energy 
source ■will support aerobic growth of the Fleischmann stram of S ceremsiae, and 
that although the rate of growth on ethanol is much lower than on the vanous 
sugars tested, it may be increased to some extent by serial passage m the ethanol 
medium 

When relatively large mocula are employed, fermentative assimilation may be 
suppressed to some extent by oxidative assimilation This may be due, at least 
m part, to a closer association of the cells with each other This concept is 
supported by the observation that growth is more ramd m unstirred cultures or 
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medium Carbon dioxide, however, did not appear to be the limiting 

Pickett and Clifton (1943) reported an oxidative assimilation of approximatoh 
one-third of the glucose carbon by washed cells In this study the over-all as- 
similation, corrected for alcohol lost by evaporation, was only about one-fifth 
of the glucose carbon disappearmg from the medium These figures are furtlier 
apart than would appear at first glance With washed cells in experiments of 
short duration, approximately one-third of the glucose carbon remains in the 
medium in end products of glucose dissimilation that are not readily oxidized, 
whereas only 4 to 8 per cent of the glucose carbon is present m end products at 
the end of several days’ incubation of the cultures Therefore, although s}ti- 
thesizing less cellular carbon, the proliferating organism makes use of more of 
the end products of glucose dissimilation than does the nonproliferating cell 
Some evidence was obtamed that suggests that up to 40 per cent of the carbon 
assunilated durmg the fermentative assimilation phase of growth might be from 
carbon dioxide This is based on the discrepancy between molar quantities of 
ethanol and carbon dioxide produced in the young cultures, equimolar quantities 
bemg produced durmg fermentative assimilation by washed cells 
As pomted out by Pickett and Clifton (1943), no simple equation, as derived 
from manometnc data, can represent the basic assimilatory process Studies 
such as this demonstrate that respiration and assimilation during different periods 
of growth may mvolve the utilization of different types of intermediate products 
of carbohydrate dissimilation This becomes most apparent with an organism 
such as yeast in a synthetic medium m which marked discrepancies are noted in 
both R Q (mfimty to as low as 0 25) and extent of assimilation on comparing 
results obtamed durmg growth with those observed ivith washed suspensions 
The R Q and the extent of assimilation in washed suspensions and m prohferat- 
mg cultures are more nearly the same with Escherichia coli as the test organism 
The foregoing observations suggest that the nature of the medium may also 
have considerable effect on the quantitative relationships between assimilation 
and dissimilation The groivth of yeast in the aerated synthetic medium was 
not as rapid as m unstirred cultures This was shown not to be due to the re- 
moval of carbon dioxide from the medium by aeration Possibly the nitrogen 
source, ammonium salts, was not entirely suitable for growth in aerated cultures 
For example, Brandt (1945) reported that aerobic fermentation of glucose was 
considerably mcreased in the presence of ammonium chlonde and was weak in 
its absence However, no appreciable difference was noted m studies to be re- 
ported elsewhere when casern hydrolyzate was substituted for ammonium salts 
The enhanced growth and aerobic respiration observed when technical maltose, 
but not cp maltose, was employed as the substrate further support the conclusion 
that the synthetic medium employed m this studj might be deficient m ono or 
more factors essential for the rapid growth of yeast in aerated cultures fVillmms 
et al (1936) concluded that the greater glycogen storage by yeast-utihzmg mal- 
tose was due, at least m part, to the pantothenic acid content of malto'^c Hov - 
ever, doublmg or quadruplmg the pantothenate concentration had little or no 
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influence on the growth of the Fleischmann strain in the aerated cultures Like- 
•\\nse, no loioira growth factor (to be repoited elsewhere) enhances growth to the 
extent observed followang the addition of small amounts of technical maltose to 
the glucose-containing medium Hence it appears that there may be one or 
more growth-stimulating agents present m technical maltose and possibly in the 
other more complex media frequently employed for the cultivation of yeast 
The agent in technical maltose does not appear to enhance assimilation by washed 
cells, which we may tentatively assume have synthesized the factor, but it does 
enhance assimilation by proliferating cells This may be the result of its growth- 
stimulating properties 


SUMMARY 

Actively proliferating cultures of certain strains of Saccharomyces cerevtstae 
when cultivated aerobically carry on the most active initial stages of their metab- 
olism, from the point of view of growth rate and synthesis of cellular carbon, 
by the process of fermentative assimilation This stage predominates until 
hexose or other polyose molecules disappear from the medium Oxidative as- 
similation then occurs from intermediate products of saccharide dissimilation, 
including ethanol, until practically all of these have been utilized with the ex- 
ception of the nonvolatile organic acid(s) 

A comparatively greater percentage of s 3 mthesis occurs from the disacchandes 
sucrose and crude maltose (but not cp maltose) than from glucose Some 
evidence was obtained that this may be induced by the presence of an unknown 
growth factor in the sugars and particularly m the crude maltose employed 
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The activities of both streptothricm and streptomycin are affected by sub- 
stances and physical conditions that apparently do not affect these compounds 
per se Foster and Woodruff (1943) noted that the presence of phosphates, 
some other salts, and sugars m test media decreased the activity of streptothricm 
Similar observations \nth regard to streptomycin were presented by Waksman 
and Schatz (1945) Foster and Woodruff (1943) concluded that phosphates 
and sugars caused the observed interference through effects on pH, since it was 
also found that raismg the pH of the medium increased the streptothricm activ- 
ity and vice versa They concluded that only the undissociated free base of this 
antibiotic was active, hence the increased activity at a higher pH Since strepto- 
myem responded smiilarly to pH changes (WaJesman and Schatz, 1945), pre- 
sumably one might apply the same deductions in this case 

Abraham and Duthie (1946), on the other hand, suggested the possibility of 
bacterial cell surface changes accompanying change m pH and posed the question 
of whether there might not be competition at the surface between hydrogen ions 
and the cations of dissociated streptomycin, hence the lower antibiotic activity 
at lower pH’s 

In reportmg the mterfering action of sugars on streptomycm activity, Waks- 
man and Schatz (1945) observed that such effects were probably caused by pH 
changes m the medium, but they also discussed the possibihty of the reducing 
role played by sugars Later, Geiger, Green, and Waksman (1946) concluded 
that the effects of sugars were after all caused by pH changes, smee glucose was 
found to have no effect on streptomycm m the presence of a glycme buffer This 
conclusion was questioned by Donovick and Rake (1946) because increased glu- 
cose oncentrations, under the conditions of the test, did not lead to a lower pH 
but did decrease the activity of the antibiotic In addition, the degree of glucose 
effect varied -with the concentration of tryptone in the medium 

The explanation for the effects of salts other than phosphates on the action 
of streptomycm remains equally obscure Berkman, Henry, and Housewright 
(1947) stated that the capacity of various salts to cause this interference was a 
function of the salt concentration They reported little interference by salts 
at concentrations below 0 5 per cent This antagomsm was not due to stimula- 
tion of the grovrth of the test organism by the change of salt concentration 
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They included several species of microorganisms and si\ different salts in their 
studies, and concluded that the results inth all salts vere alike, differences beine 
only quantitative 

These authors proposed two possible explanations for the antagonism of salts 
to streptomycin action interaction between salt and streptomycin, or the result 
of an interaction of salt and bacteria The}" w"ere unable to demonstrate anj 
mteraction betw'een streptomycin and the salts studied As to the possible 
nature of the interaction between salts and bacteria, no proposals were extended 

Another possible explanation for the action of salts, as well as one for a mode 
of action of streptomycm, w"as brought forw"ard by Cohen (1946, 1947), who 
found that desoxyribonucleic acid (DNA) w as precipitated by streptomycin and 
that this precipitate was caused to dissociate by the addition of salts Since 
bacteria contain DNA, it w"as thought that perhaps streptomycin interfered w ith 
some normal cell functions through such precipitation This action of stropto 
mycm on DNA and its reversal by salts was confirmed by Berkman c/ al (1917) 

A different approach to the question of the interference b}" certain salts on the 
antibiotic activity of streptomycm w'as taken by Green (1947) This author 
reported that salts of pyruxnc, fumanc succmic, formic, malic, and maleic acids 
all mterfered with the action of this antibiotic, w'hereas lactate, acetate, 
propionate, glycerophosphate, as well as glycerol and lactose, had no antagonizing 
effect This work was m Ime w ith the thought that the mode of action of strep- 
tom 3 '’cin was in some way tied to the oxidative mechanisms of susceptible micro- 
organisms (Since this aspect of possible modes of action of streptom 3 cm is 
outside the scope of the present paper, the literature dealing with it is not re- 
view ed here See Geiger, Green, and Waksman, 1946, Bondi, Dietz, and Spiuld- 
mg, 1946, Donovick and Rake, 1946, etc ) Organic salts such as Green found to 
mterfere wnth streptom 3 ’’cin action were thought to counteract the action of 
streptom 3 ’'cin by suppl 3 Tng some necessaiy mtermediates in carbohydrate metab- 
ohsm that are blocked by streptomycin 

The mode, or modes, of action of streptomycin and other antibiotic substances 
has attracted the attention of many laboratones, and numerous approaches to 
the problem haie been chosen The manner in which electrolytes affect the 
action of streptom3"Cin was felt in this laborator}" to offer an interesting point of 
attack on the problem Relatu ely little is known about the effects of elcctrol} tes 
on bactena The literature on this subject is tremendous, and no attempt can 
be made here to cox er it Porter (1946) pro\ ides a selected bibliography on this 
complex subject Falk (1923) thoroughly reviewed the literature pnor to 1923 
A comment made by this author almost 25 years ago unfortunately still holds 
true today “The basis of know ledge upon which rests the use of S 3 nthetic media 
is still essentially empincal The ph} siological significance of this or that ion is 
not known and cation— or anions, for that matter— are thrown m or taken out of 
media accordmg to whether growth is good, bad or indifferent ” 

Falk’s paper cox ered both the ph 3 Sio!ogic and phxsicochemical aspects of the 
problem An interesting stud} on the latter, insofar as adsorption of xanou= 
cations by bactena is concerned, was published b} McCalla in 1910 Some of 
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his methods might i\ell be applied to the investigation of the manner in which 
electrolytes compete with streptomycin Do such electrolytes prevent strep- 
tomycin from reaching the vital site of reaction, or do they interfere with the final 
reactions in which streptomycin enters in causing inhibition? To attempt to 
answ'er some of these questions is the over-all purpose of the present work 

It appeared to the authors that it w'as necessary first to gather more exact data 
on the effects of electrolytes on the grow'th-mhibiting action of streptomycin on 
bacteria, and then, later, using this information as a baselme, to attempt to corre- 
late it w ith data gathered from experiments specifically designed to test various 
theories of the mode of action of this antibiotic Klebsiella pneumoniae (ATCC 
9997) w'TS chosen as the test organism because considerable information had 
previously been obtained on its response to streptomycm, and on the assumption 
that in general the mode of action of streptomycin was the same regardless of the 
test orgamsm Whether or not such an assumption is valid re main s to be seen 

PROCEDURE 

The basic medium used throughout this portion of the work consisted of 0 75 
per cent tryptone in w'ater, which upon autoclaving is found to have a pH very 
close to 7 Electrolytes that could withstand autoclaving at 15 pounds pressure 
for 15 minutes were incorporated into the medium before sterilization Other- 
wise, the electrolyte solutions in 1-molar or 2-molar solution were sterihzed by 
filtration through UF fritted Cormng p 3 uex glass filters, and appropnate 
amounts were added to sterile tiyptone broth to give the desued final concen- 
trations of salt 

The tnhydrochloride of highly purified streptomycm A} (Fned and Titus, 1947) 
was used throughout the work described To estabhsh the minim al inhibiting 
concentration of streptomycm m the various media employed, the procedure was 
that desenbed previously (Donovick and Rake, 1946) All MIC figures re- 
ported are based on no less than eight assays, giving a standard error of approxi- 
mately ±6 per cent 

Differentiation between the Effects of Phosphate Ion and Hydrogen Ion on the 

Activity of Streptomycin 

Buffer solutions consisting of NaH 2 P 04 -Na 2 HP 04 were prepared so as to give 
final concentrations of phosphate m tiyptone broth rangmg from 0 004 m to 0 067 
M and at each concentration from pH ca 6 0 to pH a 7 5 In addition, as 
controls, trj'ptone broth was adjusted with NaOH or HCl over a range of pH 6 
to 9 The MIC of streptomycm A trihydrochlonde was then determined m 
each of these media The results, shown m figure 1, indicate that the effect of 
phosphate ion can be readily distmguished from that of hydrogen ion At each 
concentration of phosphate, an increase m pH from 6 to 7 5 caused a 3- to 4-fold 
decrease m M I C At any fixed pH an mcrease m phosphate concentration 
caused a relatively consistent mcrease m M I C 

* The authors are indebted to Drs Fried and Wintersteiner of the Division of Organic 
Chemistry, The Squibb Institute for Medical Research, for the streptomycin used in these 
studies 
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The Behaowr of Streptomycin tn Vitro m the Presence of Various 
Electrolytes at Constant pH 

Since the effects of phosphate ions could be distinguished from those of 113 dro- 
gen 10ns on the action of streptom3fcm A, it appeared reasonable to expect the 



effects of other ions to be distinguishable as r\e!l Hence studios including 17 
different salts were undertaken, each at concentrations ranging from 0 001 >1 
through 0 067 M For Etud3nng anions, sodium v as generalh the cation of the 
salt used For stud3'mg cations, on the other hand, chlondc nas gcneral)3 the 
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anion employed Since the pH of the test medium exerts an effect on strep- 
tomj'cin action separate from that of other ions, it was desirable in this study to 
work Mithin as nairow a pH range as possible To this extent the pH of the 
0 067 M sodium pyruvate was too high, and those of 0 067 M sodium lactate, 
baiium chloride, magnesium chloiide, and calcium chloride in 0 75 per cent 
trj'ptoiic broth were too low to be entirely satisfactory Nevertheless, the results 
of these studies, presented in figure 2, indicate that sodium ion, per se, has little 
effect on the action of streptomycin, as exemplified by the results with sodium 



Figure 3 Effect of various salts on streptomycin A action tn vitro 


acetate and pyruvate, nor do lithium and potassium ions, smee their chlondes 
are equal in activity to that of sodium chloride Ammomum presents a puzzhng 
problem because as an acetate it causes no mterference, whereas as a chloride its 
action IS greater than that of sodium chlonde Magnesium and calcium have 
very marked effects, and magnesium sulfate represents an mterestmg example of 
the additive action of two active ions (viz , Mg++ and SO ) causmg greater 
mterference than either sodium sulfate or magnesium chlonde 
Barium chloride and calcium chloride presented special problems m concen- 
trations of 0 067 and 0 033 m smee they caused precipitates m the medium The 
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presence of such precipitates did not interfere seriously -mth the tests since tlicj 
settled out and could be distinguished from the bacterial growth Rcmoial of 
the barium precipitates, by filtration, prior to use caused ^'er}^ little change in the 
results Hoi\ ever, when the preeipitates caused by calcium chloride m ere filtered 
off, the pH of the broth dropped from pH 6 4 (unfiltered) to 6 2 and the hi I C rose 
accordingly Hence the results shown in figure 2 are those obtained \Mtli the 
precipitate present 

Among the anions, acetate and pyruvate show little or no effect, vhereas, in 
increasing order, the followmg interfere with streptomycm action nitrate, 
chloride, lactate, phosphate, tartrate, citrate, and sulfate. 

The explanation for the order of activities of these ions is not at once evident 
At first glance one is tempted to associate ionic strength with the ability to cause 
interference There are sufficient contradictions, however, to cause one to 
abandon this principle Comparison of CaCh and MgCh, the ionic strengths of 
which would be very similar in equimolar concentrations, exemplifies such a 
contradiction It is the hope that future work •will cast more light on the 
observed phenomena 

Effect of Salts on the Precipitation of Desoxyribonucleic Acid (DNA) 
vnth Streptomycin A 

Cohen (1946, 1947) has described the precipitation of desoxyribonucleic acid 
by streptomycm Further he has shown that streptomycin also precipitates 
bacteriophage Ts — ^F, which is rich m DNA Other pertinent points brought out 
m these publications are that desoxynbonuclease (DNase) depolymenzes the 
DNA present in this bactenophage ivith a consequent decrease m viscosity but 
without inactivation of the bactenal virus Streptomycin, on the other hand, 
precipitates the desoxynbonucleic acid and also inactivates the bacteriophage 
Hence the possibility was presented that streptomycin acts through such pre- 
cipitation The description of the dissociation of streptomycin-DNA precipi- 
tates by salts (Cohen, 1946, 1947, Berkman cl al , 1947) led the present 
authors to attempt to correlate the ability of vanous ions to interfere vith the 
growth-inhibitory action of streptomycin with the power of these ions to prevent 
the precipitation of DNA inth streptomycin For this study the authors arc 
indebted to Dr Samuel Graff, of the College of Physicians and Surgeons, 
Columbia University, for a highly punfied, relatively salt-free preparation of 
DNA 

Precipitation of desoxyribonucleic acid by slreplomycin A simple method v. ns 
employed for measunng the precipitabihty of DNA with streptomycin The 
minimal concentration of streptomycin A tnhydrochloride required to give a 
visible precipitate of DNA i\as determined by carefully adding to 1 5 ml of 0 I 
per cent aqueous solution of DNA 1 5 ml of \ anous concentrations of strep 
tomjcin m such a fashion as to gne a ring Although precipitates formed at 
once vhen adequate amounts of streptomycin vere present, final reading-, verc 
not made until the tests had stood at 4 C oi emight in order to ensure full dci elop 
ment of the nng Similar tests uere earned out to determine the minimal con- 
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centration of DNA required to give visible precipitates at a fixed streptomycin 
concentration In this case a 0 5 per cent streptomycin solution w as used The 
findings vere as follows DNA added in a concentration of 0 1 per cent showed 
a visible precipitate with streptomycin A trihydrochlonde added in a concen- 
tration as low as 0 032 per cent The minimal concentration of DNA showing a 
precipitate when added to 0 5 per cent streptomycin A trihydrochlonde was 
0 0032 per cent For further work described below, both of these reagents were 
used in large excess as measured by this test 
Effect of phosphate and hydrogen tons on the precipiialton of DNA with slrep- 
tomycin A senes of Na^HPOi-NaHjPOi buffer solutions were prepared ranging 
from 0 268 M to 0 016 m (i e , four times as concentrated as desired in the final 
concentration in the test in which a 4-fold dilution of the buffer solutions was 
mvolved), and at each concentration the pH ranged from 5 2 to 7 4 To 0 125 
ml of buffer solution 0 25 ml of 0 25 per cent aqueous DNA solution w ere added 
and thoroughly mixed To this 0 125 ml of 0 5 per cent aqueous solution of 
streptomycm A tnhydrochlonde were then carefully added to form a nng AH 
tests w ere permitted to stand overnight at 4 C to permit full formation of pre- 


TABLE 1 

Minimal phosphate concentration preventing DNA-streptomijcin A precipitates at various pH’s 


pH 

lONniAL PHOSPHATE COKCENTRATIOV 


rtol^Tily 

5 2 

0 062 

6 9 

0 062 

6 4 

0 047 

6 8 

0 031 

7 4 

0 023 


cipitate m border-hne cases Thus wuth streptomycin and DNA concentrations 
held constant, the minimal phosphate concentrations preventing precipitation at 
various pH’s were measured These results are given m table 1 
These findmgs at once reveal an mterestmg contrast between the manner in 
which phosphate and hydrogen ions affect the DNA-streptom 3 ’'cm precipitation 
system as compared to the streptomycm-groivth-inhibitmg system Smce in the 
former system the concentrations of DNA and streptomycm w ere held constant,, 
it w'as necessaiy, for purposes of comparison, to pick from figure 1, showm earher, 
similar data In the bactenal system the microorganisms themselves were the 
only source of DNA, and as the moculum w’as kept constant m aU cases, this 
cntenon had been met In order to obtain data for the effect of phosphate and 
hydrogen ions on the bactenal system at constant streptomycm concentrations, 
however, extrapolation from the curves m figure 1 w as necessary m some cases 
For this companson the pomt at which each pH-phosphate cuiwe crosses the 
MIC line of 0 4 micrograms per ml m figure 1 was detenmned, extrapolatmg 
where necessary Although a certam amount of error is mvolved m this pro- 
cedure, considermg the nature of the curves mvolved, it was felt that the relative 
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J aloes thus denred were Tahd The data thus obtamed aud those sho™ m the 
foregoing table are plotted in figure 3 

It ^ evident that increasing the pH, vhich increases the antibiotic actmty of 
£treptom\ cm, causes an increase m the concentration of phosphate required to 
pre% ent the antibactenal action of streptomycm On the other hand, a similar 
incr^e in pH in the DXA-streptomycm precipitation s}^stem causes a decrease 
m the amount of phosphate reqmred to prevent precipitation This point of 
mnerence ha\mg been established, it ivas of interest to compare hovr various 
other ions beha\e m the two S5'stems descnbed 



pH 

Figure S Interrelationslup betireen effects of pfiosphate and hydrogenions at fixed strep- 
tomj cm concentrations 

Ejects of various other ions on the DNAslreplomycin precipitation system A 
senes of aqueous salt solutions were prepared rangmg m concentrataons from 
0^6S M to 0 01 ii The minimal salt concentration preventmg the formation of 
a DXA-streptomx cm precipitate was detennmed m the manner descnbed above 
At the same tune, from figure 2, the approximate pomt at which each salt-concen- 
tration-streptomycm-AI I C curve crossed the hi I C hne of 1 5 micrograms per 
ml was determined by extrapolation Since the curves for all salts less active 
than sodium tartrate m preventmg the growth-inhibiting action of streptomycm 
approach straight Imes, it was felt that the error mvolved here was not prohibitive 
for comparative purposes This companson is shown m table 2 

Tn the cases of some of the um-umvalent salts such as sodium chlonde, sodium 
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nitrate, and potassium chloride, the relative action of the salts is similar m both 
systems However, there are also cases of marked differences of behavior In 
the DNA-streptomycin precipitation system, for example, no distinction is evi- 
dent between the relative actions of sodium sulfate and calcium chloride, whereas 
in the prevention of the mhibition of bacterial growth the latter salt is tivice as 
active as the former 

Of further interest are the differences m behavior of some of the salts of organic 
acids in the two systems, especially sodium citrate One wonders whether the 
relatively low activity of such salts m their ability to interfere with the growth- 

TABLE 2 


Comparaltve action of salts in preventing growth inhibition of K pneumoniae as against 
preventing DNA-strcptomycin-A precipitation 




KIKDlAL SALT CONCENTRATION 


SALT TESTED 

Prevention of growth inhibition 

Prevention of precipitation 


Absolute 

Relative* 

Absolute 

Rdative* 

Calcium chloride 

molanty 

0 023 

9 6 

molanty 

0 031 

4 0 

Magnesium chloride 

0 029 

7 6 


4 0 

Barium chloride 

0 040 

5 5 


2 0 

Sodium sulfate 

0 052 

4 2 


4 0 

Sodium citrate 

0 055 

4 0 

BIm 

21 

Sodium tartrate 

0 076 

2 9 


4 0 

Ammonium chloride 

0 098 

2 2 

0 125 

1 0 

Sodium phosphate 

0 lot 

2 2 


4 0 

Sodium lactate 

0 13 

1 7 

- 

— 

Sodium nitrate 

0 22 

1 0 


1 0 

Sodium chloride 

0 22 

1 0 


1 0 

Potassium chloride 

0 22 

1 0 


1 0 

Lithium chloride 

0 22 

1 0 


1 0 

Sodium acetate 

] 

0 

0 125 

1 0 

Ammonium acetate 

) No efifect 

0 

mmm 

1 0 

Sodium pyruvate 

I 

0 


4 0 


* As compared to sodium chloride taken as 1 0 
t Tested at pH 7 2 
i Tested at pH 6 8 


inhibitmg action of streptomycin may be due to the utilization of the anion by the 
bacteria Preliminary tests on this point were conducted m a S 3 Tithetic medium 
m which sodium lactate is ordinarily the sole source of carbon (Cohen, 1947) 
This medium contains 1 g of NH4CI, 0 7 g of K2HPO4, 0 3 g of KH2PO4, 0 1 g of 
Na 2 S 04 , 0 01 g of MgS 04 , and 10 g of sodium lactate per liter of distilled water 
The strain of K pneumoniae used throughout these studies grows readily m this 
medium at least through 10 transfers 

To test the utilization of organic acid salts other than lactate, media were pre- 
pared m which 0 09 and 0 18 m sodium acetate, ammonium acetate, sodium 
pyruvate, sodium tartrate, and sodium citrate, respectively, were substituted 
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for sodium lactate Ten ml of each of these media were inoculated with 0 1 ml 
of an overnight culture grown in the synthetic lactate medium Each of these 
cultures was then incubated for 1 week at 37 C, observations for visible turbidity 
being made daily Lactate controls were included ^Vlth each day’s tests Usu- 
ally no visible growth occurred m any of the media other than the controls, 
although sparse growth occurred once in the ammonium acetate, once in the 
sodium tartrate, and once in the sodium citrate media There were still viable 
organisms present in all media at the end of 1 week, however, as shown by streak 
plates 

It IS recognized, of course, that the mabihty of these salts to substitute for 
lactate in the synthetic medium used is no final measure of whether they are 
utilized by K pneumoniae under other circumstances This is shown m at least 
the case of sodium pyruvate, which when added in a concentration of 0 2 m to 
0 75 per cent tryptone broth is fermented by K pneumoniae with a consequent 
pH drop in 24 hours Such acid formation with the other salts did not occur, 
and, hence, other types of tests for their utilization are necessary These have 
not yet been performed 

On the basis of the behavior of streptomycm m the presence of phosphates and 
a number of other ions, it must be concluded that no good correlation is found 
between the precipitation of DNA and the prevention of bacterial growth To 
test this c^ en further still another approach was attempted 

Action of DNase on DN A-streplomycin precxpilates Aqueous solutions of 
DNA have a high viscosity, which is readily reduced by desoxynbonuclease 
(DNase) (McCarty, 1946) Cohen (1946, 1947) reported that Na DN (desoxy- 
nbonucleate) thus depolymerized by DNase “did not reduce the precipitabihty 
[with streptomycm] of the resultmg Na DN after 1 hour of depolymenzation " 
However, the present authors found that when DNA-streptomycin precipitates 
are treated wth adequate amounts of DNase, dissolution of the precipitates 
occurred (We wish to express our appreciation to Dr M Kumtz of the Rocke- 
feller Institute, Princeton, New Jersey, for the crystalhne DNase used m the 
follomng experiments ) 

DNase solutions were prepared in 0 05 m MgCh contaming 0 25 per cent gela- 
tin, under which conditions the enzyme is relatively stable when stored at 4 C 
(McCarty, 1946) With 0 025 m MgCh containing 0 25 per cent gelatin as the 
diluent, the enzyme solution was diluted serially by 2-fold steps To 0 125 ml 
of the vanous dilutions of enzyme were added, in turn, 0 125 ml of 0 5 per cent 
streptomycin A tnhydrochloride and 0 25 ml of 0 025 per cent DNA Readings 
were made for the presence or absence of precipitate immediately, and after m- 
cubatmg at 37 C over the time intervals shown m table 3 The experiment 
shown IS one example of a number of repeat tests that were conducted 

It can be seen, thus, that DNA precipitated by streptomycin can still be 
depolymerized by DNase, wnth consequent disappearance of the precipitate U 
the precipitation of DNA by streptomycm is a vital part of the manner m which 
this antibiotic inhibits bacterial growth, then one might expect DNase to inter- 
fere with the growth-mhibitmg action of streptomycm That DNase is capable 
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of entering at least into the dead bacterial cell and depolymenzmg DNA has been 
demonstrated with E coh, Bacillus anthracis, and Corynebaclerium diphlhenae 
(Tulasne and Vendrelj’', 1947), as well as with the same strain of K pneumoniae 
ns has been used throughout these studies (Rake and Hamre, to be published) 
Hence, tests were set up to determine the M 1 C of streptomycin m the presence 
of an excess of DNase - For this purpose 0 75 per cent tryptone broth contain- 
ing 0 003 M hIgCb was used to ensure the presence of adequate amounts of Mg++ 
to activate the enxyme The DNase concentration of the broth was then 
brought to 0 5 ng per ml, the broth was inoculated with K pneumoniae, and 
streptomycin titrations were run as usual No significant differences were found 


TABLE 3 

The action of DNase on DN A-streplomycin A precipitates at S7 C 


TUBE 

BNase 

cove 

6ne 

CONC 

DNA 

CONC 

JESUITS IN X nouss 

0 

0^ 

m 

0 75 

1 


2 

2^ 

4^ 

24 

a 

b 

W/ml 

0 

28 7 

% 

0 125 

0 125 

% 

0 0125 

+ 

4- 

H 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

1 

14 3 

0 125 

0 0125 



5 


— 

— 

— 


_ 


2 

7 2 

t< 

it 

+ 


B 

— 


_ 

— 

— 

— 

— 

3 

3 6 

<< 


-b 

+ 

B 

— 

— 



- 

— 

— 

4 

1 8 

<( 

tt 

+ 

+ 



— 

B 

— 

— 

— 


5 

0 90 



+ 

4- 

± 

db 

— 

B 

- 

— 

— 

— 

6 

0 45 

(( 

tt 

+ 

+ 

4" 



B 

— 

— 

— 

— 

7 

0 22 

<< 

it 
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+ 

4" 

4: 
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± 

± 

f tr 

— 

8 

0 11 

(< 

tt 

-t- 

4" 

4" 

4“ 

± 

± 

± 

± 

f tr 

— 

9 

0 056 

it 

tt 

+ 

+ 

4“ 

+ 

4r 


± 

± 

± 

— 

10 

0 028 

it 

tt 

+ 

+ 

4" 

4* 

4- 


± 

± 


— 

11 

0 014 

tt 

tt 

+ 

+ 

4" 

4* 

4" 

+ 

+ 

+ 

4- 

zb 

12 

0 0070 

tt 

tt 

+ 

4" 

+ 

4" 

4* 

+ 

+ 

+ 

+ 

± 


-b = precipitate approximately as heavy as control tube a 
± = precipitate present but lighter than controls 
f tr = very faint trace of precipitate 
— ■= no precipitate visible 

m the M I C ’s of streptomycin A between broths conammg DNase or lacking 
it, the former being 0 27 pg per ml and the latter 0 26 pg per ml Not even at 
10 times this concentration of DNase (i e , at 5 ;ig per ml) were there sigmficant 
differences 

Thus, as in the case of the behavior of streptomycin in the presence of salts, its 
behavior m the presence of DNase does not confirm the theory that this antibiotic 

' First the effect of DNase itself on the growth of K pneumoniae in this broth was tested 
Tulasne and Vendrely (1947) had described the DNA present in several species of bacteria 
as being nuclei It was anticipated, therefore, that perhaps the growth would be inhibited 
Concentrations of crystalline DNase as high as 5 ng per ml, however, had no apparent 
effect on the rate of multiplication of our test orgamsm 
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acts by precipitating the DNA m the living cell Other observations also make 
this theory improbable It must be pointed out that T^— F bactenophage is not 
a good example from which to draw conclusions DNA is not always present as 
a constituent of this bactenophage, its presence or absence depending entirely 
upon cultural conditions, also it can be removed by DNase without interfermg 
with phage activity, and yet streptomycin does inactivate the bactenophage 
Furthermore, as has been pointed out by Hamre and Rake (1947), streptomycin 
has no activity on one group of agents — the Chlamydozoaceae (Ijmiphogranuloma- 
psittacosis group)— members of which are known to be particularly nch in DNA 
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SUMMARY 

Quantitative studies of the effects of various ions on the action of streptomycm 
on bacterial growth as well as on its abihty to precipitate desoxyribonucleic acid 
have been conducted 

Sodium, lithium, and potassium ions have little effect on the abihty of strep- 
tomycin to inhibit bactenal grondh 

Ammonium ion presents a puzzling problem since as an acetate it appears to 
have no effect on the growdh-inlubitmg action of streptomycm, whereas as a 
chloride its action is greater than can be accounted for by the action of the 
chlonde ion alone 

Of the SIX cations studied, magnesium and calcium caused the greatest inter- 
ference with streptomycin activity 

Among the anions studied, acetate and pyruvate caused little if any inter- 
ference, whereas in increasing order the following were active in mterfenng ivith 
the prevention of growth by streptomycin nitrate, chlonde, lactate, phosphate, 
tartrate, citrate, and sulfate 

If both the cation and anion of a given salt show this interference, their effects 
may be additive, as is exemplified by magnesium sulfate 

Various salts also interfere with the precipitation of desoxynbonucleic acid by 
streptomycin, but the oider of activity of the salts is different from that m the 
interference with the growth-inhibitmg action of streptomycin This and also 
studies with the enz 3 Tne desoxynbonuclease lead to the conclusion that the ability 
of streptomycm to precipitate desoxyribonucleic acid has little to do with the 
antibacterial action of this antibiotic 
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THE INHIBITING EFFECT OF NORMAL SERUM AND ITS GAMMA 
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The modifying or selective effect of environmental factors upon the variation 
of microorganisms, especially upon the phenomenon frequently termed dissoci- 
ation, has been ividely studied (Braun, 1947a) Among the agents used, those 
vluch originate from the host environment have created special interest, studies 
on the in ntro effect of such agents may perrmt a better understanding of the 
conditions winch affect the bacterial population within the host environment 
Investigations on the variational aspects of Staphylococcus aureus by Nutini and 
L3Tich (1946) have previously demonstrated significant in vitro as well as in vivo 
effects with tissue extracts of beef brain, spleen, heart, and kidney The presence 
of such extracts was reported to enhance the establishment of white R variants 
In recent in vitro studies at this laboratory, the selective effect of beef brain ex- 
tract upon vanants of Staphylococcus aureus was reinvestigated and the extract’s 
enhancmg effect upon the estabhsliment of nonpigmented vanants was confirmed 
In contrast to this selective effect of brain extract favormg the establishment 
of nonsmooth variants, a specific selective effect in favor of the smooth types has 
been reported when variants of vanous species were grown m the presence of 
normal serum (Braun, 1946, 19476) In work with Brucella abortus it has re- 
cently been possible to demonstrate that this selective factor is associated with 
the normal gamma globulin fraction (Braun, 19476) Therefore, the e&ctjof 
normal bovine serum and its gamma globulin Jractiomyas-teste d on Stayhyl o- 
coccus aureus Vanou^ strains of hemolytic and cqagulase-positive AStop6?/fo- 
coccus aureus, isolated from the bovine udder, were groivn m plain beef extract 
broth or m beef extract broth contaimng normal bovme serum, bovine gamma 
globulin, beef brain extract, as well as a combination of these supplements 
Samples from these cultures were plated after various intervals of growth, and 
the percentage of vanant colomes was estimated by coimtmg at least 100 colomes 
on each test plate 

A summary of the results presented in table 1 demonstrates that (1) the pres- 
ence of beef brain .extract .significantly enhance s the e stablishme nt of numS 
Varian ts, (2) the presence of 2 per c entaxorma l beef'Seium o r_as_ht.tle as 25 mg o f , 
bovine gamma globulm per 5 ml of broth jnhibits^the ..establishment . of .no n^S 
variants, and (3) the presence of 2 per cent normal serum appears to coimteract 
the enhancing effect of beef brain extract No differences ^n growth rat es 
b etween c ontrol cultures and those contaimng supplements ^ere noted 
The observation on the specific selective effect of the gamma globuhn fraction 
of normal serum upon Staphylococcus aureus vanants demonstrates that this 
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activity IS not restncted to Brucella abortus vanants, but may be of a rather 
general nature 


TABLE 1 


Staphylococcus aureus variation tn beef extract broth and various added agents 


CULTCTBE UTDtA 

AVERAGE % OF 
VA21A^T COtONIES 

O 4 PLATES FRO-t 

48 HOUR BROTH 
CULTURES 

AVERAGE % OP 
VARIANT COLONIES 
ON PLATES PROit 

7 PAY-OLD BROTH 
CULTURES 

TOTAL NUMBER 
or TESTS 

Beef extract broth 

4 08 

14 00 

86 

Beef extract broth plus 0 8-2 0% brain ex- 
tract 

12 75 

38 70 

108 

Beef extract broth plus 2% normal bovine 
serum 

0 

0 

54 

Beef extract broth plus 0 8-2 0% brain ex- 
tract, 2% normal bovine scrum 

0 57 

2 31 

60 

Beef extract broth plus normal bovine 
gamma globulin 25-50 mg 

0 

1 78 

32 
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Research has been resumed on the thermophilic fermentation of cellulose in 
wood, which pnor to 1941 had been conducted co-operatively between the Forest 
Products Laboratory and the Departments of Agricultural Bacteriology and 
Biochemistry of the University of Wisconsin (Olson, Peterson, and Sherrard 
Ind Eng Chem , 29, 1026, Fontaine, Peterson, McCoy, Johnson, and Ritter 
J Bact , 43, 701, Fontaine Summaries of Doctoral Dissertations, Umv Wiscon- 
sm, 6, 28, Olson ibid , 7, 191) 

Among the cultures now employed is one obtamed from Dr A I Virtanen, 
Helsmki, Finland, through the kindness of Professor W H Peterson In current 
work Virtanen’s culture produced a mixture of acetic, butyric, and lactic acids 
m yields of 14 6 per cent of raw sweetgum wood fermented, and 27 0 per cent of 
the wood previously given a mild acid treatment for slightly loosenmg the asso- 
ciation between the lignin and the cellulosic material 

Thus far the yield of conversion products from raw sweetgum reported herem 
IS lower than those from raw birch (21 2 per cent) and from raw aspen (27 1 per 
cent) reported by Virtanen (Suomen Kemistilehti, B, 19, 4) The yield of con- 
version products from the mildly hydrolyzed sweetgum, however, exceeds that 
from raw birch and approximates that from raw aspen reported by Virtanen 
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Hewtt and Todd (1939) occasionally noticed an obviously nonspecific increase 
in the antistrcptolj’-sin titer (AST) in sera that had been contaminated with 
certain bacteria Independently, Lofgren (19-14) has reported on the same 
phenomenon 

In comprehensive AST studies on climcal material, Westergren several years 
ago paid attention to the common occurrence of unexpected rises m AST, often to 
exceedmgly high levels, m sera from hepatitis patients KAlbak (1947) has had 
sumlar expenences Recently, Sievers (1947), as well as Westergren (1948), has 
compared the occurrence of these high titers with the results of various liver 
function tests 

Systematic AST determmations m pleural exudates from patients treated at 
the Tuberculosis Department of St Goran’s Hospital have shown a high rate of 
elevated titers, often above 1,000, and not infrequently above 10,000, umts m 
patients whose serum titers were normal or only moderately mcreased In most 
of these cases no definite connection with streptococcal infections could be dem- 
onstrated 

When the conditions responsible for these apparently nonspecific AST re- 
actions were studied, it was found that sera and exudates when treated with acid 
or alkah (and subsequently neutralized) showed strikmg mcreases m AST (tables 
1 and 6) 

At the first glance it seemed very unlikely that, m these four mstances of non- 
specific antistreptolysm reactions — ^viz , (1) sera (exudates) contauunated with 
certam bactena, (2) a great number of hepatitis sera, (3) pleural exudates, and 
(4) acid- or alkah-treated sera (exudates) — there could possibly be a common 
causative factor Yet from a biological pomt of view it would be far more logical 
if those findings were attributable to one and the same basic mechanism 

In the present paper a report is given on a series of expenments conducted m 
order to amve at a uniform explanation of the foregomg nonspecific mcreases m 
the antistreptolysin titer 

For a better understandmg of the problems mvolved an outhne of the mecha- 
msm of the streptolysm 0 hemolysis will have to be drawn accordmg to our 

* An abbreviated version of this paper was read before the Eighth Scandinavian Patho- 
logical Congress, July 7 to 9, 1947, at Uppsala, Sweden 

* The expenses of this study were defrayed by grants from the Swedish National Asso- 
ciation against Tuberculosis 
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present Icnowledge Since the pneumococcal hemolysin m all essentials appears 
to behave like the streptolysin 0, the expeuences gained with the former may, 
muiahs mutandis, be utilized in filling up the picture . The red cells are con- 
sidered to have a mosaichke membrane of thread-shaped protein and mterspersed 
hpid micelles (Eiickson et al , 1938) Cohen el al (1937, 1940) have found that 
the lytic activity of pneumolysin is associated with at least two functional group- 
ings, one reveisibly oxidizable thiol grouping, and the other more or less specific 
for a certain sterol grouping and configuration The observations so far made 
seem to mdicate that prior to hemolysis the red cell sterol combmes with the lysin 
(Cohen and Shwachman, 1937, Cohen et al , 1942) The state of oxidation or 
reduction of the thiol grouping of the lysm conditions its reactivity with the 
sterol, and thus its adsorption to the red cells (Cohen et al , 1937) Though no 
direct proof is as yet available, it seems possible that the same thiol grouping 
provides also the site for attachment of the specific antistreptolysm If this 

TABLE 1 

The effect of acid or alkali treatment upon AST 


IN SEEtm B 246 TEEATED 18 HOUES AT 66 C WITB 


Normality 

HCl 

NaOH 

1/125 

8,000 

8,000 

1/5 

4,000 

5,000 

1/20 

16 

1,800 

1/80 

gl6 

320 

1/320 

X 

80 

1/1,280 

X 

40 

Normal saline 

28 



assumption holds true, the antibody blockmg of this grouping will, m a way 
similar to oxidation, prevent the attachment of the lysm molecule to the red cell 
sterol 


MATERIALS AND METHODS 

Materials Sera were heated for 30 minutes at 56 C When not immediately 
examined they were stored at -16 to -20 C Exmdates obtamed by thoraco- 
centesis were centrifuged and the clear supernatants treated as the sera 
Antistreptolysin titration Prmcipally, the AST determmations were made 
according to Ipsen's (1944) technique Sheep blood, however, was used instead 
of rabbit’s blood Todd's concentrated horse unmune serum, or patients’ sera, 
the titers of which had been determmed by repeated titrations agamst Todd s 
serum, were used as standard sera The calculation of the titers differed some- 
what from that applied by Ipsen A 50 per cent hemolysis end pomt was feed 
for each serum (by direct observation or by interpolation) and compared with the 
50 per cent hemolysis end pomt of the standard serum Such a manner of pro 
ceedmg simplifies the calculations, and is at the same time the more correct one 
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from a theoretical point of view, as showm by, among others, Herbert (1941) 
The method is described more in detail in a paper on antistaphylolysm deter- 
minations (Packaldn and Bergqvist, 1947) 

Specific dbsorphon Serum (or evudate) was diluted 1 50 with undiluted, 
active streptolysin broth The mL\ture was incubated m a water bath for 15 
minutes at 37 C, and subsequently heated for 30 minutes at 56 C The effect of 
the absorption vas determined by a routine AST titration m the inactivated 
mixture Control absorption with heat-mactivated streptolysm broth or sterile 
broth showed no reduction of the serum titer 
Precursory adsorption of streptolysin to red cells Precursory adsorption of 
streptolysm to the red cells was carried out by mixing both reagents, cooled 
down to 0 C, in the same proportions as used in ordmary AST deter min ations and 
keeping the mixture for 45 mmutes m the ice bath To cooled tubes contammg 
senal dilutions of serum (or exudate) red-cell-streptolysm mixture was then added 
m amounts to make up the usual proportions of reagents All transfers were 
made with cooled pipettes and m cooled tubes and bottles The specific combi- 
nation between serum (exudate) antibody and streptolysm, adsorbed m advance 
to the erythrocyte membrane, was allowed to go on for 45 mmutes at 0 C, after 
which time aU tubes were transferred for 15 mmutes to a water bath of 37 C 
Readmgs were made in the ordmary way 
Electrophoretic analysts Electrophoretic fractionation of exudates and sera 
has been performed by Dr B Olhagen® accordmg to Tisehus’ method (1937) 
In order to obtain the purest possible albumin or 7-globuhn, a compensatory 
hydrostatic pressure was applied m such a way that the boundary of either of 
these fractions was kept stationary for about 8 hours (Olhagen, 1945) After 
the dilution of the electrophoretic fractions was adjusted so that their protem 
content (determined by the micro-Kjeldahl method) became equal to that of the 
ongmal dialyzed serum or exudate, their AST was determmed m the ordmaiy 
way 

Cholesterol determinations The content of total and esterified cholesterol m 
sera and exudates was determined photocolorimetncally accordmg to a method 
described by Swedm (1946) For a part of the determmations a slight modifica- 
tion of this was used Lipid-extracted sera and exudates were prepared accord- 
mg to Bhx’s (1941) acetone-ether method m the cold or McFarlane’s (1942) ether 
extraction by freezmg below — 25 C 

RESHI/rS 

The effect upon AST of specific absorption of sera and exudates, or of precursory 
adsorption of streptolysin to the erythrocytes at 0 C The key function of the 
erythrocyte-membrane-sterol m the mechanism of hemolysis suggests that a 
nonspecific antistreptolysm reaction might be due to the presence of an excess of 
reactive cholesterol m serum or exudate The active groupmgs of this cholesterol 
mtercept the streptolysm molecules, thus preventmg the combmation of the 

• The author is greatly indebted to Dr Olhagen for his valuable oo-operation 
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streptolysin with the reacting steiol groupings in the eiythrocyte membrane 
which necessarily precedes hemolysis If this reasoning holds true, prevention 
of the nonspecific reaction ought to be possible by allowng the streptolysin to 
combine with the red cells prior to the addition of the serum or exudate rich in 
cholesterol Under ordinary experimental conditions, the red cells, when 
brought into contact ivith streptolysin, are all too quickly hemolyzed Follomng 
adsorption to the erythrocytes at 0 C, however, there is no immediate hemolysis 
(Herbert and Todd, 1941) Under these circumstances serum antibody, even 
though added after the streptolysin, might be afforded an opportunity of specifi- 
cally inhibiting the lysis that is otherwise certain to take place as soon as the 
temperature of the mixture is allowed to rise 


TABLE 2 


The effect of absorption with streptolysin, and precursory adsorption to erythrocytes, at 0 C, 
respectively, upon AST in sera and pleural exudates 


SERUM 

AST 

PLEURAL 

EXUDATE 

AST 

Before 

1 After 

After adsorp- 
tion to r b c 
atOC 

Before 

1 After 

After adsorp 
tion to r b c 
atOC 

Absorption with streplob sin 

Absorption With streptolysin 

A 9931 

100 

^18 

25 

A 9935 

16,000 

14,000 

^18 

A 5667 

160 

25 

36 

A 5679 

10,000 

9,000 

25 

A 5833 

140 

^10 

32 

A 5866 

4,500 

4,000 

32 

A 9865 

700 

90 

180 

A 9867 

2,800 

2,800 

125 

A 9822 

180 

gl6 

56 

A 9748 

1,600 

1,000 

gl8 

A 5024 

360 

22 

90 

A 4839 

1,400 

1,400 

64 

A 9874 

250 

^18 

50 

A 9871 

560 

560 

36 

A 6262 

320 

^16 

64 

A 6266 

180 

22 

32 

A 9844 

100 

^16 

32 

A 9835 

100 

32 

32 

A 9944 

100 

25 

25 

A 9950 

80 

gl8 

25 


A senes of absorption and adsorption experiments have been conducted in 
order to demonstrate the correctness of the foregoing conception Typical 
records are presented in tables 2 to 4 As Mill be seen from table 2, absorption in 
serum with streptolysin always results m a more or less complete neutralization 
of the antibody inhibition This occurred even m sera with considerably 
elevated AST values A 9865, A 5024, and A 6262 The same was observed in 
exudates the (low) AST of Avhich were m keepmg with the correspondmg serum 
titers 

After precursory adsorption of streptolysm to the red cells, the serum anti- 
streptolysm as a rule showed titers that were only J to i of their initial values 
It IS thus obvious that the serum antibodies were not capable of completely pre- 
venting the streptolysin already attached to the erythrocytes from exerting its 
lytic action Nevertheless, the remammg inhibitory effect usually exceeded that 

remaining after specific absorption act f 

Qmte different conditions were encountered m pleural exudates, the Aoi o 
which are considerably above the serum titer level Specific absorption did not 
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bnng about any noticeable reduction of tbeir titers On the other hand, pre- 
cursory adsorption of streptolysin to the red eells, as a rule, resulted in a practi- 
cally complete disappearance of the strong inhibitorj’’ power of these exudates 
Partial exceptions were exudates 9867 and 4839 However, in the corresponding 
sera, A 9865 and A 5024 (both showmg specificallj’’ elevated titers), a remaining 
inhibition was also observed of approximately the same magmtude Conse- 
quently, there is ample reason to assume that a part of the titer elevation m 
these exudates was due to the presence of antibody This will explam why the 
inhibition m these cases could not be entirely blocked by precursory adsorption 
Correspondmg observations were made with hepatitis sera (table 3) In the 
majority of these, specific absorption did not bnng about any titer reduction, 

TABLE 3 


The effect of absorption with streptolysin, and precursory adsorption to erythrocytes, at 0 C, 
respectively, upon AST in hepatitis sera 


TATIZNT 

HEPAXmS SElim 

AST 

Before 

After 

After adsorption 
to r b c. at 0 C 

Before or after the 
ictenc stage 

Absorption with streptolysm 

GJMJE 

B 863 

3,600 

5,000 

so 

110-125 


B 1626 

5,000 

3,600 

40 



A9444 

9,000 

8,000 

gl6 


E ASG 

A 9461 

4,000 

4,000 

32 

32-70 


A 9467 

400 

250 

16 


s aeI. 

A 9463 

1,600 

250 

45 

250-280 

AJMEM 

A 9014 

1,000 

500 

360 

280-360 

EGMT 

A 8894 

25,000 

500 

250 

360-900 


whereas precursory adsorption of the streptolysm to the red cells resulted m a 
more or less complete blocking of the inhibition Some hepatitis sera (A 9463, 
A 9014, and A 8894), however, behaved differently, which was probably due to 
the presence of an mcreased amount of specific antibody, as mdicated by the 
elevated AST values observed before or after the ictenc stage 
Sera and exudates, the AST of which had mcreased owmg to bactenal contami- 
nation or treatment with acid or alkah, behaved on the whole accordmg to the 
general rule established above, as did the cholesterol suspension tested (table 4) 
Electrophoretic fractionation of serum or exudate vnth high AST Bhx, Tisehus, 
and Svensson (1941) have shown that the bulk of the serum cholesterol rmgrates 
in an electric field with the B- and a-globuhns, the y-globulm and the albumm 
fractions carrymg only small portions of the hpid On the other hand, the 
electrophoretic mobihty of most antibodies is that of Y-globulm 
In order to elucidate further the nature of the serum (or exudate) factor giving 
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TABLE 4 


The effect of absorption with streptolysin, and precursory adsorption to erythrocytes, respec- 
upon the elevated AST in contaminated or HCl-treated sera (exudate) 





AST 


SPECnTFK 

TREATMENT 

Before 

After 

After adsorption to 



Absorption with streptolysin 

rbc atOC 

Serum 





TP 

Sterile 

70 

:£16 

32 

TP 

T"*’ P fluor 

4,500 

4,000 

64 

TP 

7^" P aerug 

1,800 

2,800 

45 

Serum 





B 246 

Sterile 

90 

25 


B 246 

7^* P fluor 

18,000 

18,000 


B 246 

7‘'* P aerug 

4,000 

4,500 


Serum 






Sterile 

80 

20 

40 


HCl 

3,600 

2,500 

160 

Exudate 





B 59 

Sterile 

80 

20 

40 

B 59 

HCl 

1,000 

900 

80 

Cholesterol 

SUSP 1% 

14,000 

18,000 

gl8 


TABLE 5 

AST in elcctrophoretically separated fractions of exudate or serum 




AST 

SPECIITEN 

EXP 

mole 

ElectrophoreticalJy separated fractions 



dialyz 

+ Top 

+ Upper 

+ Lower 

Bottom 

— Lower 

— Upper 

— Top 




- 

alb 


alb + a + 

e 

(alb+)a + 
P + y 


P+y 

Exudate 

A 9747 

I 

2,000 


360 1 

2,000 

2,000 

2,200 

2,000 

1,400 




effi +« 

ali + a("f* 

! alb -f- a 

' Pi+y) 

ialb+)a + 
P + T 

P + y 

y 

- 

Exudate 

A 9747 

A 9761 

II 

4,000 

4,500 

2,000 

4,500 

4.000 

8.000 

2,800 

4,000 

2,800 

4,500 

2,000 

4,000 

500 

200 


Serum 

B 1679 


3,200 

^40 

110 

640 

2,500 

5,000 

S20,000 



nonspecific AST mcreases, a few exudates with high titers and, for companson, a 
serum from a scarlet-fever patient, were subjected to electrophoretic separation 
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The results are sho^vn m table 5 In the exudates it is seen that the AST of the 
end fractions had decreased more or less, most clearly so when they were obtamed 
m a comparatively pure state by applying a compensatmg hydrostatic pressure 
to the fluid in the electrophoretic cell system In experiment I the albumm 
fraction, and in experiment II the y-globulin fraction, had been made electro- 
phoretically homogeneous by this procedure The serum from the scarlet-fever 
patient behaved quite differently in the electrophoresis experiment The 


TABLE 6 

The effect of hpid extraction upon AST in sera and exudates 


SFEOUEK 

AST 

Before extraction 

Bhx 

Wterextr acc to 

McFarlane 

In serum 

-78 C 

-f20C 

Exudates 






A 9907 

28,000 


^18 

14,000 

64 

A 9935 

11,000 

40 



64 

A 9747 


125 



500 

A 9905 

2,500 


40 

1,250 

90 

A 9920 

2,200 

640 



560 

A 8299 

1,000 

450 



1,000 

A 9949 

900 


140 

4,500 

180 

A 8726 

800 

200 



500 

A 9950 

no 

32 



64 

B 59 

90 

40 



56 

Sera (hepatitis) 

■M 



INI 


A 9825 



500 



B 4063 

mSm 


80 

■Bl 


Serum (scarlatina) 






Epid S E 

900 


560 

640 


Serum (normal) 






A 8470 

80 


80 

80 



highest AST value was observed m the 7-globulm fraction With mcreasmg 
electrophoretic mobihty of the fractions their AST gradually decreased 
AST in sera and exudates after hpid extraction The lipids may be more or less 
completely removed from sera (or exudates) without noticeably impairmg the 
proteins by Bhx’s (1941) acetone-ether extraction method at low temperatures or 
by McFarlane’s (1942) ether extraction at temperatures below —25 C The 
changes in AST after hpid extraction according to either of these methods have 
been studied m several exudates and sera Typical results are given m tables 6 
and 7 It will be seen that pleural exudates and hepatitis sera with elevated 
AST after hpid extraction as a rule show an almost complete loss of their in- 
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lubitory power Exceptions to this rule sometimes may be noted, e g , in exu- 
dates A 9747, A 9940, A 8299, and A 8726 These exudates, howWer,’ derived 
from patients whose sera also had an mcreased AST, which mdicates that the 


TABLE 7 

The effect of contamination and treatment with acid or alkali upon AST in lipid extracted 

exudates and sera 


AST 



Before extraction 

After extraction 

SPECaiEN 



Treated with 



Treated with 


Sterile 

Infected 







HCl 

NaOH 




HCl 

NaOH 

(a)* 

a>)t 

(a) 

(b) 

(a) 

(b) 

(a) 

fb) 

Exudates 













A 9907 

28,000 









64 


gl6 

A 9935 





40 



H|| 



gl6 


A 9950 

110 

25,000 


MB 

50 




S16 


gl6 


B 59 




B 

40 

gl8 

40 

B 


^18 


gl8 

Sera 









■ 




A 8470 

125 



■UHIIIIH 


80 


80 


g25 


£25 

B 147 

220 

25,000 

IB 


80 

gl8 

80 


■ 

gl8 


gl8 


• (a) Extracted according to BIix’s method 
t (b) Extracted according to McFarlane’s method 


TABLE 8 

AST in relation to cholesterol changes developing in exudates and sera infected with Pseu- 


domonas fluorescens 


SPECIMEN 

AST 


CEOLCSIESOt 


Titer 

Increase 

Total 

“Free" 

‘Tree"/rotaI 




mf % 


cent 

Exudate 





42 

B 59 sterile 

90 


98 

41 

B 59 infected 

1,800 

20X 

101 

43 

42 

Serum 




69 

50 

A 8470 sterile 

125 


139 

A 8470 infected 

7,000 

56X 

149 

89 

60 

Serum 




71 

32 

B 147 sterile 

220 


225 

B 147 infected 

25,000 

IlOX 

243 

147 

60 


use was probably due to the presence of specific antistreptolysm For the 
extractions performed with specific antisera, such as the scarlet-fever-patient 
serum (Epid S E ), demonstrated that antibody is not removed together witn 
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tlie hpid fraction In table 6, attention should be given also to the fact that 
evtraction with ethei at room temperature did not result in any conspicuous 
reduction of the titer, though extraction below — 25 C did 
If exudates or sera imtially showing strong nonspecific rises in AST, or anyway 
capable of showing such rises if contaminated or treated with acid or alkali, had 
been subjected to lipid extraction, no further titer increase could be brought 
about by the above-mentioned procedures (table 7) 

AST and amount of total and “free” serum {or exudate) cholesterol Numerous 
investigators (Boyd and Connell, 1938, Epstem and Greenspan, 1936, Greene et 
al , 1940, Thannhauser and Schaber, 1926) have shown that m hepatitis sera 
there is a striking decrease in ester cholesterol, the total cholesterol level remain- 
mg unchanged The possibility was therefore taken mto consideration that the 
clue to the origin of the nonspecific nse m AST in hepatitis sera might be found 

TABLE 9 


AST in relation to cholesterol changes developing in sera treated vnth HCl or NaOH 


SEKUU 

TREATED WITH 

AST 

CHOLESTEROL 

Total 

‘Free” 

‘■Free”/TotalJ 




mg% 

mc% 



NaCl 

125 

165 

60 


A 8470 

HCl 

10,000 

142 

55 



NaOH 

10,000 

135 

73 

54 


NaOl 

250 


74 

43 

B 594 

HCl 

7,000 

mm 

42 

29 


NaOH 

18,000 


79 

52 


NaCl 

640 

270 

161 

60 

B 1043 

HCl 


262 

128 

49 


NaOH 


250 

176 

70 


m the ensuing mcrease m “free” serum cholesterol If so, then correspondmg 
changes m the condition of serum and exudate lipids might by analogy be ex- 
pected also m other instances of nonspecific AST For more exact information 
on this pomt, a number of cholesterol analyses have been made with sera and 
exudates Representative records are given m the following tables 

It was found (table 8) that a 20-fold mcrease m AST in exudate B 59 after 7 
days’ mcubation (at room temperature) with Pseudomonas fluorescens was not 
associated with any change m the proportions of “free” and ester cholesterol 
In serum A 8470, which showed a 56-fold rise m titer after infection, a shift by 
10 per cent (from 50 to 60 per cent) from bound to “free” cholesterol was noted, 
and m serum B 147, where the titer rose 110-fold, the “free” cholesterol had 
increased from 32 to 60 per cent Hence, the mcrease m “free” cholesterol 
observed m sera A 8470 and, especially, B 147 might possibly have some con- 
nection with their rise in AST However, the absence of such an mcrease m 
“free” cholesterol as regards exudate B 59 mdicates that the primary cause of 
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these AST nses apparently is to be sought m some mechamsm other than the 
hydrolysis of ester cholesterol 

o corroborated by the cholesterol analysis of sera treated with 

2 N HCl at 56 C for 18 hours (table 9) A slight decrease in the total cholesterol 
content w^as noted as the result of this energetic chemical treatment The 
amount of “free” cholesterol decreased to the same, or to a still higher, degree 
On the other hand, alkali treatment (2 n NaOH at 56 C for 18 hours) did result 
in a hydrolysis of ester cholesterol This may, but by no means must, imply 
that the rise m AST in these sera was due to the mcreased content of “free” 
cholesterol 


TABLE 10 


AST and cholesterol tn pleural exudates 


PLEUBAL 

EXUDATE 

AST 

CnOLESTEEOL 

PIEUEAL 

EXUDATE 

[AST 

CHOLESTEBOL 

Total 


*'Frcc’7 

Total 

Total 

“Free" 

■Tree”/ 

Total 



fng % 

me% 

Per cent 


■i 

mg% 


per cent 

A 8282 

70 

115 

69 

60 

A 9809 


64 

45 

70 

B 59 

90 

108 

56 

52 

A 8338 


98 

64 

65 

A 7839 

100 

102 

47 

46 

A 9871 


146 

71 

49 

A 8105 

110 

72 

34 

47 

A 9793 

640 

107 

66 

62 

A 9950 

no 

101 

61 

60 

A 8726 

800 

78 

36 

46 

A 8571 

140 

45 

8 

18 

A 8299 

BS ^ 

86 

33 

38 

A 8038 

180 

92 

51 

55 


BH ^ 

128 

68 

53 

A 7871 

220 

38 

19 

50 


BKQ 

132 

38 

29 

A 9949 

220 

74 

54 

73 

A 9850 


68 

36 

53 

A 9905 

250 

87 

51 

59 

A 9907 


74 

45 

61 

A 9803 

360 

62 

43 

69 

A 9867 


138 

83 

60 

A 8098 

400 

88 

47 

53 



186 

102 

55 


The cholesterol analyses of pleural exudates (table 10) reveal that no correla- 
tion whatever obtams between their AST and their total cholesterol content, nor 
their levels of “free” and ester cholesterol, respectively 
AST tn pleural exudates and the duration of the effusion When the chnical 
data pertaming to the pleunsy patients was compiled, an obvious relationship 
emerged between AST and the duration of the pleural effusion This is illus- 
trated by figure 1, m which the AST values of 282 exudates from 146 patients are 
plotted against the duration of their effusions It will be seen that the AST 
dunng the first month of pleural exudation as a rule remamed “normal,” the 
average titer bemg 100 units Only m 12 cases did the exudate titer exceed 200 
umts In 11 of them the serum titer was withm 50 per cent of the exudate value 
Durmg the followmg months the titers contmuously mcreased until reachmg an 
average titer of 1,400 umts durmg the fifth month A considerable scatter was 
observed of the mdividual AST values with mcreasmg persistence of the exudate 
After the fifth month of exudation, the average titer remamed about the same 
Possibly there was a slight tendency toward a further increase m titer m cases 
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whose exudate persisted for years For comparison a curve representmg average 
serum titers for the same patients is inserted m the figure It will be seen that 
the sera show only insignificant increase from approxunately 100 umts m the 
first half-year to 140 units subsequently It should be mentioned that the 
idiopathic exudates did not differ in any respect from those developmg after 
mstitution of artificial pneumothorax, or after pneumonolysis 

Finally, it was obvious that the AST increase in the exudates very often com- 
cided with certain charactenstic changes in their cellular content Although 



lymphocytes predommated m the fresh exudate, mcreasmg numbers of polynu- 
clear leucocjdes entered mto the picture when the exudate had persisted for some 
tune, the AST commencmg to nse Unfortunately, detailed figures cannot be 
presented, as this statement is based on routme exa min ations, m which the 
numbers of lymphocytes and leucocytes were recorded only as rough estimates, 
1 e , “a few,” “moderately,” “abundantly,” or “predonunantly ” 

DISCUSSION 

The supposed nonspecific nature of AST nses (1) m sera and pleural exudates 
after contammation with certam bacteria, (2) after treatment with acid or 
alkah, (3) m most of the hepatitis sera, and (4) m pleural exudates of some mini - 
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mum duration has been confirmed, inter aha, by the nonabsorbability of the 
inhibitory factor with specific streptolysin, as well as by the blocbng of the in- 
hibition through precursory adsorption of streptolysin to the red cells at 0 0 
In their study of the nonspecific inhibition followmg bacterial contamination, 
Hewitt and Todd (1939) found the neutralizing factor to be present in the 
acetone-soluble fraction of the serum They assumed the bacteria to "effect 
some change in the condition of serum lipins, enablmg them to neutralize strep- 
tolysin 0 ” Since cholesterol was found to inhibit streptolysm hemolysis in 
high dilutions, the authors suggested that the bacteria liberated cholesterol by 
their proteolytic action on the serum proteins However, the mechanism of this 
"liberation,” and consequently the entire problem of the role actually played by 
the cholesterol in the inhibition of streptolysin hemolysis, remained obscure 
The observation that electrophoresis reduced the nonspecific inhibitoiy power 
just in those fractions, viz , the albumin and y-globuhn portions, m which 
according to Blix ei al (1941) the cholesterol content is also reduced seems to be 
strong evidence in favor of the cholesterol actually being responsible for the 
inhibition in question The removability of such an inhibitory power, either 
actual or potential, by the aid of lipid extraction is then quite a logical sequence 
A hypothesis that an increase in "free,” i e , not esterified, cholesterol, such as 
observed in hepatitis sera, might be considered the real clue to most, if not all, 
nonspecific AST rises m sera and exudates could not be confirmed by actual 
analyses of their “free” and esterified cholesterol content Only in alkali-treated 
sera (and exudates) was a hydrolysis of cholesterol ester consistently demon- 
strated Possibly the increase m "free” cholesterol observed in some sera after 
contamination may have contributed to the particularly pronounced rise in AST 
exhibited by them Since, however, in other contaminated sera with raised 
AST the "free” cholesterol level remained unaltered, it is unlikely that the 
'primary increase in these sera was attributable to such a change m the condition 
of their serum cholesterol If the conception of serum (exudate) cholesterol as 
the primary factor causing nonspecific AST reactions is still to be maintained, 
another explanation has to be found of the actual mechanism 
According to present opinion, the bulk of the serum lipids occur as lipoproteins 
having the character of secondary valence complexes which are held together by 
forces of the van der Waals type (Chargaff, 1944) The bonds between the 
lipids and the serum protems appear m the mam to be weak ones (Chargaff, 
1944) Under such circumstances the most promising avenue of approach to the 
problem seems to be the following hypothesis As long as these lipoprotein 
complexes are ummpaired, the active OH groups of the cholesterol remain en- 
gaged m the linkage to the protem and are not available for the attachment of the 
streptolysin molecules However, as soon as the complex is broken up whether 
by the action of acid or alkali, bacterial enzymes or enzymes liberated or activated 
through the dismtegration of leucocytes in exudates of long duration, or by the 
decay of liver cells in hepatitis— the hydroxy groups of the cholesterol molecules 
are uncovered, and a combination with the sterolaffine groups of the streptolysin 
IS rendered possible This combination implies a blocking of the necessary 
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attacliment of the stieptolysm molecules to the red cell membrane sterols It 
should be stressed here that m hepatitis another mechanism is also conceivable 
the dysfunction of the liver cells may primarily result m an incomplete synthesis 
of lipoprotein comple\es But the final outcome is the same, viz , cholesterol 
molecules ivith free hydroxy groups m the serum 
The chemical methods available at the present moment for quantitative esti- 
mation of the proportion of protein-linlced and actually free cholesterol m serum 
are as yet not quite appropriate, but it is to be hoped that further progress m this 
field will afford us more conclusive observations concerning our problem 

SUMMARY 

Strong increases in antistreptolysin titer, AST, independent of specific stimuli 
occur (1) m sera (and pleural exudates) contaminated with certain bacteria, or 
(2) m sera treated with acid or alkali, (3) m most hepatitis sera, and (4) in pleural 
exudates of some duration 

The nonspecific nature of these rises was confirmed by the nonabsorbability of 
the inhibitory factor with specific streptolysm and the blocking of the inhi bition 
by precursory adsorption of streptolysm to the red cells at 0 C 
In electrophoretic separation expenments the inhibitory factor was found to 
remain chiefly m the /3- and a-globuhn fractions, i e , just those fractions m which 
the serum cholesterol accumulates, whereas the antibodies are found m the 
7 -globulm fraction 

Lipid extraction of sera and exudates abolished nonspecific AST reactions m 
them, and rendered them sunultaneously unable to respond with a rise m AST to 
bacterial contamination or treatment with acid or alkali Specific antistrepto- 
lysin, on the other hand, remained unaffected by this procedure 
It has not been possible to prove, by cholesterol analyses, that an increase of 
“free,” i e , not esterified cholesterol — as seen m hepatitis sera — should be con- 
sidered the consistent explanation of most nonspecific rises m AST However, 
the hydrolysis of ester cholesterol may play some part in the origination 
It is suggested that the primary mechamsm of the nonspecific AST reactions 
is a breaking up of the hpoprotem complexes, m which the serum lipids are 
supposed to occur The uncovered, active OH groups of the freed cholesterol 
combme with the streptolysm molecules, thus preventing them from attackmg 
the red cells The breakmg-up process may be brought about, inter aha, by the 
action of acid or alkali, or bacterial enzymes, or enzymes liberated or activated 
through the disintegration of liver cells m hepatitis, or leucocytes present m 
exudates of some duration 
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In their search for new antibiotics, investigators throughout the world have 
isolated from nature and tested thousands of microbial strains Nevertheless 
only a few useful antibiotics have been found and, from this, it is obvious that 
only a minute fraction of the microflora of nature produce desirable antibiotics 
A method that would drastically increase the number of strains screened without 
proportionate increase in labor i\ ould improve the chances of finding new anti- 
biotics It would also be useful for the selection of high-yieldmg variants m a 
pure culture of an antibiotic producer 

The most serious drawback of earlier methods for testing large populations 
was that they detected only certain defimte types of antagonists Thus the 
“crowded plate” method (Waksman, 1945) detected only soil organisms inhibit- 
mg other soil organisms and produemg an antibiotic after not more than one or 
two days of incubation Foster and Woodruff's method (1946) detected only 
antagonists that produced antibiotics on media supportmg the growth of sapro- 
phytic mycobacteria and that inhibited such bactena The development 
(Wilhston et al , 1947) of vanous media on which both pathogemc tubercle bacilb 
and antagonists will grow further extends the usefulness of Foster and Woodruff’s 
method (1946) but does not remove its fundamental limitations 

Stansly (1947) and Wilska (1947) described methods for spraymg sensitive 
bacteria onto plates on which colomes of soil organisms had grown for several 
days It was thus possible to test antibiotic action against a greater variety of 
bactena than was possible before Spray methods are still, however, restricted 
to media on which both antagomstic colomes and sensitive bactena can grow 
In addition, there is the ever-present possibdity that inhibition zones would be 
caused by the exhaustion of nutnents around a colony, or by an inhibitory pH, 
rather than by true antibiotic production The latter objection applies also to 
methods that add test bactena by flooding the surface of the plate with a liquid 
suspension of sensitive orgamsms 

Flemmg (1942) suggested coating a plate on which an antagomst has grown 
with a layer of sterile agar, on which a sensitive bactenum could be streaked 
He sought to test mdividual isolates, and did not describe methods for testmg 
large populations With Flemmg’s agar layer suggestion as a basis, a method has 
been developed whereby large populations can be tested for many types of 

' This work was aided by a grant from Smith, Kline, and French Laboratories 

“ Present address The Biological Laboratory, Cold Sprmg Harbor, Long Island, New 
York 

® With the technical assistance of Betty Morgan 
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antagonists capable of inhibiting vanous microorganisms, or even antagonists 
inhibiting nonmicrobial orgamsms 


EXPERIMENTAL PROCEDURES 

The material serving as the source of antagomsts is plated on agar so as to have 
30 to 50 evenly distributed isolated colomes After suitable mcubation the 
colonies are covered mth a layer of sterile agar, followed by a layer of agar con- 
taining the organism whose inhibition is to be tested After further incubation 
clear zones over certain colomes disclose the antagomsts The addition of agar 
layers is a technique remarkably well adapted to rephcation, and if each step in 
the procedure is made simple enough, 200 to 1,000 plates can be prepared in a 
few hours by two workers From 6,000 to 50,000 colomes are screened m an 
afternoon 

The agar layers, m the order to which they are added to the plate, are (1) 
F oundahon layer a layer of about 15 ml stenle agar medium, of a composition 
suitable for the growth of the antagomst, e g , peptone beef extract, com meal, 
Czapek, wort agar, etc (2) Seeding layer a layer of 0 5 ml soft agar medium 
(0 25 per cent agar) , m which is diluted the microflora to be tested The dilution 
IS calculated to give 30 to 50 colomes per plate The layer of soft agar soon dnes 
dovTi to such a thinness that all colomes are surface colomes If it is not neces- 
sary to have all the colomes absolutely on the surface, 5 ml of a nutnent agar 
contaimng 1 5 per cent agar can be substituted for the softer medium, this is even 
better adapted for mass rephcation (3) Diffusion, or barrier, layer 5 to 10 ml 
sterile agar of special composition, whose use is illustrated m problem 3 (4) 

Test layer 3 or more ml of agar medium (0 5 to 1 5 per cent agar) contaimng a 
suspension of bactena whose inhibition is to be tested 

The actual working out of the method and its flexibihty wfll be illustrated by 
describmg its use m four diverse problems m antibiotic screenmg 

Problem 1 To test soil for antagomsts against Escherichia coli — the antago- 
nists in the soil to giow on nutnent agar A suspension of soil in distilled water 
was centrifuged lightly to remove coarse particles The supernatant was assayed 
on nutrient agar for \nable cells, then stored at 5 C The colony count was 
determined after mcubation for 2 to 4 days at 28 C Foundation layers of 15 ml 
nutnent agar were added to 200 plates Since it was not imperative to have the 
sod colomes strictly surface colomes, a seed layer of 5 ml nutnent agar (1 5 per 
cent agar) was used The soil suspension was diluted so that 5 ml contamed 50 
viable cells The last step m the dilution was made mto 500-ml portions of 
melted nutnent agar, kept in a 45 C water bath Five-ml seed layers were 
pipetted onto the foundation layer, and the plates were then meubated at room 
temperature for 1 week There were now 200 plates contammg about 50 colonies 
each, or a total of 10,000 colomes 

The diffusion layer was omitted, and a test layer was added dmectly over the 
soil colomes To prepare the test layer, 20 ml of a 24-hour broth culture ol 
Escherichia coli were added to 1,000 ml nutnent crystal violet agar kept m a 45 G 
water bath Five ml of this matenal were pipetted to each of 200 plates to form 
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the test Hjei The small conccnti atjon of cij'^stal violet, 1 750,000, pievented 
soil fungi, actinomYcelcs, and gi am-positive bacteiia fiom gioving up into the 
test lajmi, bu( it did not appi ecnblj’^ inhibit the giowth of E coli Aftei incu- 
bation at 37 C oveinight numeious cleai zones weie found (figure 1) 

Problem 2 To test soil foi antagonists against Staphylococeus aureus — the 
antagonist'! m the '^oil to gtow on com meal agar A suspension of soil was pre- 
pared as dcsciibed foi pioblem 1 and assayed on coin meal agai Use of this 
medium vould piomote the giowth of colonies that may have been suppiessed 
01 oveigiown on nutiient agai, and, m addition, a diffeient nutiitne medium for 
antibiotic pioduction would pi obably i eveal antagonists missed on nutiient agar 
The foundation and seed-layei medium was coin meal agai Twenty ml of a 
24-houi bioth cultuie of S auicus weie added to 1,000 ml melted nutiient agai at 



Figure 1 Tjpical plates of soil organisms growing on nutrient agar and tested by the 
addition of a test la>cr of cr\stal violet nutrient agar containing Eschcncina coli Left 
Plate showing laige inhibition zone In most cases the active colonj is the one at the 
mathematical center of the zone Right Typical plate with no active colonies 

45 C, and test layeis of 5 ml each weie added to the plates Since cij'^stal t lolet 
mhibits S aureus, it could not be used , how evei , by incubating the test lajmi s for 
6 hours instead of overnight, the soil colonies did not giow^ up into the test layer 
to any appieciable extent, wheieas the <8 aureus colonies m this peiiod grew 
sufRcientlj^ to make inhibition zones cleai ly visible It was convenient to add 
test layers m the afternoon, stoie the plates overnight at 5 C, then incubate at 
37 C foi 6 to 8 houis This expeiiment illustiates the use of diffeient media in 
the foundation and test laj^eis 

Problem 3 To study the vaiiation in antibiotic activity of strains of a puic culture 
of an aclinomycete {A-13) which was a good antibiotic producer If the spoies of 
actmomii^cete A-13 weie plated on nutiient agai and tested against E coli, the 
size of the zones of inhibition aiound individual colonies could be taken as a meas- 
ure of the antibiotic activity of the organisms in each colony Those colonies 
with exceptionally large zones of inhibition could be isolated for furthei study 
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A piehmmary expeiiment showed (1) that all colonies had to be on the surface 
foi even paitly bmied colonies had distinctly smaller zones than the surface colo' 
nies, and (2) when a plate contained more than 2 or 3 colonies the large (60-mm 
radius) inhibition zones overlapped, making impossible the comparison of zone 
size 

Ihe use of a 0 5-ml seed layer of soft (0 25 pei cent agar) nutrient agar leadily 
ensuied surface colonies The spoies weie diluted in the melted agar kept at 
45 C in a uatei bath Aided bj’’ tilting and shaking of the plates, the 0 5-ml 
inoculum spiead easily, especiallj’- ovei freshly poured, solidified but still uarm 
foundation layeis Tuo people uoilving as a team could inoculate 200 to 300 
plates in an hour 

The laige zones of inhibition caused a more serious difficulty, foi unless plates 
containing 30 to 50 colonies could be tested, the aim of testing large populations 
u as defeated 

Smallci a\eiage zone size might be obtained by (1) using a medium less favor- 
able foi mtibiotic pioduction than nutiient agai, (2) gromng all of the colonies 
subsurface, oi (3) testing the colonies after only 2 or 3 days of incubation, before 
the peak of activity ii as i eaclied Such measures u ere discarded because it was 
feaied that sulioptimum conditions foi antibiotic pioduction would result in a 
nonsignificant inciease in vaiiabiht)’’ of zone sizes 

The use of oiganisms more resistant to the antibiotic than E coh might solve 
the piolilem Scrralia maiccseens, Eberlhclla iyphosa, Alcahgenes faecahs, Esch- 
erichia commvmor, and Bacillus mycoides weie tiied, but none gave suitable small 
zones Continued lesearch iiith othei hacteual species might have disclosed 
stiains moie suitable than those tned A sunple physical method uas dis- 
coveicd, houevei, bj’' which one could at will deciease the zone size to any desired 
degiee 10-ml steiile diffusion la 3 ’'ei was interposed between the A-13 colonies 
and the test la}^! If the diffusion la^mi wms simple nutrient agar, the additional 
distance the antibiotic had to diffuse resulted m a deciease m zone size of a few 
milhmeteis at most But incoipoiation into the diffusion layer of substances that 
would paitiallj" adsoib the antibiotic wmuld lesiilt in a sharp decrease in zone 
size .Se\ ei al adsorbents w ei e ti led, and decoloi izing carbon (nont A) wms found 
satisfactoij The zone size \aried inveiselj’’ with the concentiation of noiit A 
in the diffusion lajmr (table 1) 

The deciease in zone size vaiied from evpeiiment to experiment, and in actual 
piactice 0 75 pei cent nont A in a 10-mI diffusion layer of nutiient agar gave 
satisfactoiily small zones Nont A was added to the nutrient agar befoie auto- 
clavmg Since the heavy pow dei settled lapidly in melted agar, it w as necessaiy 
to shake tlie suspension just before use The use of a diffusion layer as outlined 
IS capable of wudespread application, since most antibiotics can be adsorbed wath 
one substance oi another 

The pioceduie finally adopted for study of this active actmomycete A-13, was 
as follow s A suspension of comdia of A-13 was filtered six times through absorb- 
ent cotton, assa 3 '’ed on nutiient agar, and then stored m the refrigerator until t e 
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assay colonies had gro\vn To petri dishes were then added foundation layers 
of nutrient agar, and 0 5 ml of soft (0 25 per cent agar) nutrient agar suspension 
of comdia calculated to contam 40 viable spores per 0 5 ml The plates were 
mcubated at 28 C for 5 to 7 days A diffusion layer of 10 ml nutrient agar con- 
taming 0 75 per cent norit A was added, followed by a test layer of 3 ml nutnent 
agar (0 5 per cent agar) contaimng 1 to 2 ml of 24-hour broth culture of E coli 
per 100 ml agar After mcubation overnight at 37 C, zone sizes of the actino- 
mycete colomes were measured 

Problem 4 To lest soil for antagonists against a green plant By substitutmg 
small plant seeds for the bacteria m the test layer, the agar overlay method 
rmght be used for detectmg microorgamsms inhibitmg (or stimulatmg, or affect- 
mg m another specific way) germmatmg seeds The inhibition of germmatmg 
seeds by javamcin and oxyjavamcm (Amstem et al , 1946), polyponn (Bose et al , 
1948), and pemcillin (Ribeiro, 1946, Smith, 1946) has been reported 


TABLE 1 

Effect of nont A on zone size 


CONCENTRATION OP NORIT A IN DITTtlSION LAYER 

AVrSAOI ZONE SIZE (SAOIHS) 

% 

mm 

0 

54 

0 3 

25 

0 5 

18 

0 7 

16 

0 8 

13 

1 0 

8 


The several days necessaiy for seed germmation (as compared to the 6- to 
18-hour mcubation penod for bactena) complicated the method by allowmg tune 
for soil organi sms to grow up mto the test layer, and no simple means for testmg 
large populations was found Nevertheless, the success obtamed by the foUow- 
mg procedures illustrates the adaptabihty of the method 

Sterile filter paper was placed m the bottom of petn dishes, followed by a 20-ml 
foundation layer of com meal agar, and a 3-ml seed layer of a soil suspension 
diluted m corn meal agar to give 40 colomes per plate The plates were mcu- 
bated at room temperature for 1 week Before addmg the seeds, the entue agar 
layer was carefully overturned mto a sterile petri dish, so that the underside of 
the foundation layer was now on top and the soil colomes on the bottom It 
helped to use a spatula inserted between the petn dish run and the agar layer, 
and under the filter paper By peelmg off the filter paper a clean sterile surface 
was uncovered on which to add the test layer, with lessened danger of contamma- 
tion by soil organisms 

Redtop grass seeds {Agrosiis alba) were surface-stenlized by bemg soaked m a 
solution of sodium hypochlonte for 10 mmutes, then washed m sterile distiUed 
water The test layer medium consisted of 7 ml of half-strength Shive solution 
(Miller, 1931) m melted agar at 45 C, to which had been added about 1 part m 5 
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of the seeds The test layer was pipetted onto the foundation layer, and the 
seeds -^vere spread uniformly over the surface by gentle tilting of the plate The 
plates were incubated in diffuse light at room temperature for 3 days Despite 
some contamination around the edge of the plates, most of the seeds germinated 
cleanly Clear-cut circular zones of inhibition were seen around some soil 
colonies 


SUMMARY 

A general method is described whereby large numbers of microbial colonies 
from diverse sources can be tested for antibiotic activity Use of the method is 
illustrated by descriptions of experiments m which (1) a, soil flora is tested for 
strains producing antibiotics against Escherichia coli, or Staphylococcus aureus, 
(2) a pure culture of a highly active actinomycete is tested for variants with 
increased activity, and (3) a sod flora is tested for strains inhibitmg the germma- 
tion of redtop seeds 
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There have been many unsuccessful attempts to cidtivate the causative organ- 
ism of syphilis on both natural and synthetic media smee its demonstration by 
Schaudmn m 1905 (cf East and Kolmer, 1929, Eagle, 1948) Supniewski and 
Hano (1933) and Scheff (1935) were among the first to approach the problem by 
studying the metabolism and growth requirements of such treponemata as could 
be cultivated on artificial media Their findin gs, as well as those of East and 
Eolmer (1940), Rosebury and Foley (1942), and WicheUiausen ana Wichelhausen 
(1942), mdicated that one or more factors present m body flmds and tissues (e g , 
blood serum, ascitic fluid, kidney tissue, hver tissue) were essential for the growth 
of these orgamsms More recently, Little and SubbaRow (1945) and Whiteley 
and Frazier (1948) reported that the Reiter treponeme, a nonpathogemc orgamsm 
purportmg to have been cultivated from a syphihtic lesion (Reiter, 1926) but 
serologically related to some of the saprophytic treponemes isolated from the 
mouth (Robmson and Wichelhausen, 1946, Eagle and Germuth, 1948), could be 
cultivated m a simplified medium consistmg of an acid hydrolyzate of casern (or 
a mixture of the component ammo acids of that protem), supplemented with 
glucose, several vitamms (ascorbic acid, chohne chloride, macm, calcium pan- 
tothenate, pyndoxme, riboflavm, and thiamme), a sulfur-contaimng reduemg 
substance (sodium formaldehydesulfoxylate or sodium thioglycolate), and serum 
albumm 

In the present study, also, the nutntional requirements of the cultivable Reiter 
stram were mvestigated in the hope that such data might offer clues to the growth 
requuements of the more fastidious pathogemc Treponema pallidum To date, 
four substances have been identified as bemg essential for growth under the con- 
ditions of the present experiments (1) arg inin e, (2) acetic acid, (3) any one of a 
senes of compounds contarmng either free sulfhydiyl groups or sulfur groups 
capable of bemg reduced to the sulfhydiyl form and, (4), m confirmation of the 
data of Little and SubbaRow (1945) and of Whiteley and Frazier (1948), crystal- 
hne serum albumm The latter has been shown to be a substitute for the non- 
dialyzable fraction of whole serum The phosphate buffer, which was added 
for its poismg action, and ascorbic acid, which was added to mamtam anaero- 
biosis, were apparently not essential nutnents There remam to be identified 

* With the technical assistance of Arlyne D Musselman 
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the ^o\nh factors present m the minute amounts of yeast extract and casein 
digest which must be added to the culture fluid for satisfactory growth The 
importance of glucose also remains to be determmed 

METHODS AND MATERIALS 

The components of the culture fluid which was the startmg point of the present 
investigation were (1) Brewer’s thioglycolate medium (Brewer, 1940), with the 
following composition 


Trypticase (an enzymatic digest of casein) j5 

L-Cystine 0 75 

Glucose 5 

Yeast e\tract 5 

Sodium chloride 2 5 g/L 

Sodium thioglycolate 0 5 g/L 

Resazunn 2 mg/L 

-Aear 0 75 g/L 


and (2) rabbit or human serum, sterilized by filtration through a glass filter 
(Coming TJF), and heated at 60 to 63 C for 1 to 2 hours Both were essential, a 
9 1 mixture giving luxuriant growth For the purposes of this study, however, 
these two components were used in sublimmal concentrations which alone did 
not support the growth of the organisms, presumably because one or more essen- 
tial ingredients were at less than the threshold concentrations necessary for 
growth A variety of substances were then assayed for their ability to permit 
multiplication of the organisms when added to the otherwise quantitatively 
inadequate basal medium These compounds were made up at neutral pH in 
isotonic concentration, or in solutions adjusted to isotomcity by the addition of 
sodium chloride In individual experiments in which they might have com- 
plicated the results, cystme, resazurm, and agar were omitted from the basal 
thioglycolate medium Similarly, as is mdicated m the text and in the tables, 
washed mocula were used when the presence of the origmal qulture fluid would 
have complicated the mterpretation of the experimental results 

The ammo acids, the fatty acids, the phosphate buffer, and the thioglycolate 
medium were sterilized by autoclaving, ascorbic acid and sulfhydryl compounds 
were glass-filtered in acid solution and adjusted to pH 6 8 to 7 2 immediately 
prior to use The volumes were adjusted with m/7 sodium chloride to a total 
of 5 ml m 18-by-150-mm pyrex test tubes, and the tubes incubated at 37 C m 
Brewer anaerobic jars under an atmosphere of hydrogen Direct microscopic 
counts (cf Magnuson, Eagle, and Fleischman, 1948) were made after 4 to 6 days, 
at the peak of the growth curve 

EXPERIMENTAL RESULTS 

Argimm as a growth-promoting factor A typical experiment that demon- 
strates the effectiveness of arginine as a growth-promoting factor is summarized 
in table 1 As is there indicated, 0 2 ml of an actively growing culture on thio- 
glycolate medium enriched vuth 10 per cent serum were used as the inoculum, 
this inoculum constitutmg the thioglycolate portion of the basal medium This 
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was supplemented by 0 5 ml of heated rabbit serum, 0 5 ml of m/10 5 phosphate 
buffer (pH 7 4), and cysteine hydrochloride to a final concentration of 1 1,000, 
all m a total volume of 5 ml In the absence of argmme the onginal inoculum of 
2 million organisms per ml had disappeared m the course of 6 days >The addition 
of arginine had a strikmg effect The smallest concentration with a sigmficant 



Figure 1 The growth-promoting effect of argimne on the Reiter treponeme as s function 
of its concentration 


TABLE 1 


The grovjth-promohng effect of arginine on the Reiter treponeme as a function of its concentra- 
tion 


Ml of m/10 argimne in total of 6 ml 

0 

0 025 

0 05 

0 1 

0 2 

0 4 

1 6 

Number of organisms in millions per ml 
after 6 days’ incubation 

0 

7 

15 

34 

71 

77 

114 


Varying amounts of m/10 argimne were added to a basal medium consisting of 0 5 ml heated 
rabbit serum, 0 5 ml of m/10 5 phosphate buffer (pH 7 4), and 0 33 ml of m/10 5 cysteine 
hydrochlonde, in a total volume of 5 ml (including the inoculum of 0 2 ml of an actively 
growing culture in the serum thioglycolate medium) This inoculum served to provide 
those ingredients essential for growth present in the thioglycolate medium The imtial 
number of orgamsms was 2 nullion per ml, the number present after 6 days’ incubation at 
37 C was determined by direct count 

effect on growth was 0 0005 m, but beyond that level the number of organisms 
mcreased m proportion to the concentration of argmme, 6-day cultures reachmg 
a count of 114 milhon per ml at an argmme concentration of 0 03 m (0 5 per cent) 
It IS apparent that the argmme did not act as a trace factor, and its activity was 
quantitatively unaffected by reciystaUization 
The dependence of the degree of growth on the amount of argmme used is 
shown graphically m figure 1, which presents the data of table 1 A number of 
similar experiments with quahtatively similar results are summanzed m table 2 
The fact that m some of these experiments there was significant multiphcation 









TABLE 2 

The growth-promoting effect of arginine on the Reiter treponema 
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TABLE 3 


Growth promoting effect of arginine on the Reiter ircponcmc contrasted with that of a number of 
other ammo acids and related compounds 


COUTOUND 

NUMBEK OP ORCANISUS 
(UUXIONS PEE lit) APTEE 6 
DAYS* INCtJBAnON 

1 

Agmatine 

0 

DL a-Alamnc 

0 

j3-AIaninc 

1 

nn-a-Aminobutync acid 

3 

T>h-P Aminobutjnc acid 

8 

c Aimnocaproic acid 

2 

Dii-a-Aminocapo Im atid 

0 

nn-a-Amino a ethjlbutyric acid 

6 

a-Aminoi 6 obut 3 ’nc acid 

7 

dl-5 Aminovalcnc acid 

1 

L-Arginine 

116 

I, Arginic acid 

9 

DL-Aspartic acid 

1 

L-Benzoj larginamide 

0 

Betaine 

0 

DL-Citrulline 

6 

Creatine 

3 

Creatinine 

8 

n-GIutamic acid 

! 4 

Gljcine 

0 

Glycocyamine 

0 

Guanidine 

0 

Guamdinovalenc acid 

0 

L-Histidine 

3 

Homoargimne 

9 

Homocysteine 

6 

Hydroxy-n-proline 

0 

Isoleucine 

0 

DL-lsovaline 

3 

n-Leueme 

0 

nii-Lysine 

0 

nn-Methiomne 

0 

nn-Norleucine 

1 

nn-Nor valine 

0 

Ornithine 

2 

DL-Phenylalanine 

0 

L-Prolme 

8 

Sarcosine 

4 

Di/-Serine 

0 

nn-Threomne 

0 

DL-Tryptophane 

2 

L-T3rrosine 

0 

dl Valine 

3 

Control 

3 


Various anuno acids and closely related compounds in isotonic concentration and at a 
neutral pH were added in a volume of 2 ml to a basal medium consisting of 0 5 ml of heated 
rabbit serum, 0 3 ml of tbioglycolate medium, 0 5 ml of ji/10 5 phosphate buffer (pH 7 4), 
and 0 33 ml of m/ 10 5 cysteine hydrochloride The inoculum yielded an initial count of 2 
million orgamsms per ml in a total volume of 5 ml 
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m the control tube contaming no added arginine is perhaps to be attnbuted to 
the presence of sufficient amounts of arginine, or of an adequate substitute for it, 
m the particular lot of serum used in the medium, or m the growmg culture used 
as an inoculum 

The unique activity of argmine is shown m table 3, m which are given the 
results obtained with 43 ammo acids and related compounds The mitial inoc- 
ulum throughout was 2 million orgamsms per ml, ivith argmme there were 116 
million per ml after 6 days, but mth the other substances tested the counts varied 
between 0 and 9 million per ml 

Acetic acid as a growth-promoting factor When serum was dialyzed, it no 
longer permitted the growth of the Reiter organism m a thioglycolate-argmme 


TABLE 4 


The 'presence tn whole serum of at least two distinct growth-promoting factors, one dialyzahlt 
and the other associated with the nondialyzahle residue 



BA£AX. UEOIA 

_ 


MnXIONS OP OHGANISSIS/UL APTEfi 6 DAYS' 
INCDSATION 


li 


4J 

is 

-02 

£ 

1 X 

O'O 
o CO 



INITIAL 

Serum fractions added to basal medium 

DATE 

<J-C 

S2 

§3 

gs 

o 

*3 

«S 

u - 

©"a* 

© w 

< 

||i^9 

Dia 

lyzed 

scrum 

Serum 

ultra 

filtrate 

Serum 

dia 

iyzate 

Pia 

lyzcd 

serum 

ultra 

filtrate 

Dia 

lyzed 

serum 

.+ 

dia 

lyzate 

Whole 

heated 

rabbit 

serum 

6- 5-44 

0 15 


0 5 

0 33 



3 3 

2 

2 


145 



2-14-44 

0 20 


EB 

Eia 



1 0 

10 

1 


97 


114 

4-26-44 

0 05 






0 5 

12 

1 


71 



6-19-47 


1 5 


m 


EB 

2 0 

30 


3 


245 



Serum fractions obtained by ultrafiltration and by dialysis were tested separately and 
in combination, in conjunction with vanous basal media Each serum component was 
added in an amount equivalent to 0 5 ml of whole serum, in a total culture volume of 5 ml 
The original serum served as a control (last vertical column of table) The inocula were 
organisms sedimented from an actively growing culture on a serum-thioglycolate medium, 
and washed with basal medium before addition to the culture in order to remove the serum 


medium The growth-promotmg activity was, however, wholly restored by the 
addition of a serum ultrafiltrate or dialyzate (cf table 4) Clearly, serum con- 
tnbuted at least two factors, one dialyzable and present m a serum ultrafiltrate, 
and one present in the residual nondialyzable fraction Neither fraction alone 
supported the growth of the orgamsm 
It was then found that the factor (or factors) present m the dialyzable or ultra- 
fijtrable fraction of serum could be replaced by acetic acid A typical expen- 
ment illustrating this pomt is summarized in table 5 In this experiment the 
addition of sodium acetate to dialyzed serum had a growth-promotmg effect 
approachmg that of serum dialyzate itself As m the case of argimne, however, 
the acetic acid did not act as a trace factor Although the smallest concentration 
exertmg a significant effect was 0 0036 m, the amount of growth increased with 
the concentration of sodium acetate to reach a maximum at 0 06 M (0 5 per cent) 
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Tins IS demonstrated by the data tabulated m table 6 and is graphically shown 
in figure 2 As m the case of arginine, the amounts of acetic acid necessary for 
maximum growth were out of all pioportion to the amount of growth obtained 
As m the case of arginine also, the gro^vth-promotmg activity of sodium acetate 
w'as quantitatively unaffected by recrystallization 
Unlike arginine, acetic acid was not umque m its growth-promoting activity 

TABLE 6 


Acclic acid as a subsHtuiefor serum dialyzate tn the cultivation of the Reiter treponeme 


BASAL imonm 


IULLIONS OT ORGANISMS/ML AFTER 6 DAYS' INCUBATIO 



Phos 
phate 
buffer 
(M/10 S), 
ml 



INITIAL 

Substances added to basal medium 

Thiogly 

colate 

medium, 

ml 

Argmine 

(M/10). 

ml 

Gluta 

thione 

(M/7), 

ml 

Ascorbic 

acid 

(M/7), 

ml 

COUNT 

(UILLIONS 

PER ml) 

Sodium 

acetate 

(M/7), 

1 5 ml 

Dialyzed 

serum 

0 5 ml 

Dialyzed 
serum, 0 5 
ml + so- 
dium ace 
tate (m/ 7), 
1 5 ml 

Dialyzed 
serum, 0 5 
ml + 
serum 
dialyzate 

0 5 ml 

Whole 

heated 

rabbit 

serum 

0 5 ml 

0 20 

1 5 

0 5 

0 12 

0 25 

2 0 

3 

30 

210 

245 

310 


The serum components, sodium acetate (m/7), and inoculum were added to the basal 
medium under the same conditions as were used in the experiments summarized in table 4 

TABLE 6 

The growth-promoting effect of acetic acid on the Reiter treponeme 


DATE 

BASAL MEDU 

INITIAL 
NUMBER 
OF OR 
GAKISMS 
(MIL- 

LIONS 
PER ml) 

FINAL KDUDES OF OECANISUS (UILLIONS FES 
ML) AFTER 6 DAYS’ INCUBATION 

Heated 

rabbit 

serum, 

ml 

Heated 

rabbit 

serum 

dia 

lyzcd, 

ml 

Thio- 
glyco- 
late 
medi 
um, ml 

Argi 
moe (m/ 
10), ml 

Phos- 

phate 

buffer 

(u/ 

10 Sj.ml 

Cysteine 

hydro 

chloride 

(m/ 

10 5), ml 

ml of m/ 7 sodium acetate (m total volume 
^of Sml) 

0 

0 25 

05 

1 

2 

6-22-44 

0 5 

■ 

0 1 

0 6 

0 5 

0 33 

1 6 

40 



390 


7-18-44 

0 5 

HI 

0 1 

0 2 

0 5 

0 33 

6 0 

15 




114 

6-14-44 


IQ 

0 1 

0 5 

0 5 

0 33 

4 4 

0 


4 

29 


6-23-44 



0 1 

0 5 

0 5 

0 33 

3 2 

2 

13 


90 


6-30-44 


mn 

0 1 

0 5 

0 6 

0 33 

1 4 

0 


12 


34 

— 


0 5 

0 1 

1 0 

0 6 

0 33 

0 5 

0 

12 

21 

36 

55 


Sodium acetate ( m / 7 ) was added as indicated on the right side of the table to the various 
basal media indicated on the left side of the table, all in a total volume of 5 ml The inoc- 
ulum was 0 1 ml of an actively growing serum thioglycolate culture, representing an ini- 
tial count of 0 5 railhon orgamsms per ml The last horizontal row represents the exper- 
iment of figure 2 


Although its beneficial action was greater than that of any of the 10 homologous 
acids tested (formic, acetic, propiomc, butyric, valeric, caproic, enanthylic, 
capryhc, pelargomc, and capric), a qualitatively similar effect was obtamed with 
at least 15 of the 37 related compounds tested (cf table 7) The results with 
many of these substances were obscured by their toxicity at the higher concen- 
trations at which acetic acid was most effective 
Crystalline serum albumin as an adequate replacement for the nondialyzable frac- 
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Uon of serum As previously indicated (table 5) the dialy^able fraction of serum 
essential for the growth of the Reiter spirochete could be replaced with acetic acid 
It was subsequently found that the nondialyzable residue could be replaced with 
ciystalline bovme serum albumin A typical experiment, in which a washed 
inoculum was used, is given in table 8 A number of sunilar expenments that 
show the growth-promoting effect of serum albunun are summarized m table 9 
The growth-promotmg activity of serum albumm was usually not apparent until 
a concentration of about 0 1 per cent was reached, and mcreased up to the 
highest concentrations tested (1 per cent) 

Sulfur-contatmng compounds as essential growth factors for the cultivation of the 
Reiter treponeme A senes of expenments that demonstrate the essential role of 
cysteme are summanzed in table 10 In these experiments also, the organisms 



Figure 2 The growth-promoting effect of acetic acid on the Beiter treponeme as a func 
tion of its concentration 

were centrifuged and washed free of the culture medium m order to remove reduc- 
mg substances That the function of cysteme was not merely the rapid induction 
of anaerobiosis m the culture medium was shown by the fact that when ascorbic 
acid was added to a concentration of 1 1,000 (sufficient to mduce the rapid reduc- 
tion of methylene blue or resazurm added as redox mdicator m the culture media) 
no growth was obtamed unless cysteme was also added Under such circum- 
stances, as httle as 0 0042 ml of an m/10 5 cysteme solution, eqmvalent to a final 
concentration of O 00008 m, or O 001 per cent, was able to promote growth m an 
otherwise — SH-deficient but anaerobic, culture medium Here also, the efficacy 
of the cysteme mcreased with mcrease m concentration up to the largest amount 
used (0 1 per cent) A typical expenment lUustratmg this pomt is graphically 

shown m figure 3 \ + 1 , f 

The data of table 11 (which mcludes the expenment of figure 3) show tnat 
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TABLE 7 

The growth-promoltng effect of aeclic aeid and related compounds on the Reiter treponeme 


NUMDER OF OROANISilS (lULLIONS/m.) AFTER S DAYS’ INCDBATIOH 


ml of compound added 



0 025 

0 1 

04 

1 6 

Acetic acid 

7 

8 

12 

36 

Acetaldehyde 

40 

25 

16 

0 

Acetamide 

29 

15 

5 

3 

Acetone 

15 

28 

— 

31 

a Alanine 

— 

14 

26 

33 

P Alanine 

17 

— 

16 

20 

Aspartic acid 


— 

— 

6 

Betaine 


23 

20 

12 

/S-Bromopropiomc acid 


0 

0 

0 

Chloral hydrate 

12 

13 

0 

0 

Chloroacetic acid 

8 

0 

0 

0 

Chloroacetamide 

15 

0 

0 

0 

Choline 

— 

5 

— 

6 

Creatine 

10 

8 

— 

9 

Creatinine 

10 

6 

— 

4 

Cyanoaoetamide 

38 

15 

— 

13 

Ethanolaimne 

— 

0 

0 

0 

Ethylamine 

13 

10 

12 

0 

Ethyl acetate 

24 

30 

21 

0 

Ethyl alcohol 

16 

16 

18 

21 

Glucomo acid 

6 

6 

— 

5 

Glucose 

18 

25 

— 

23 

Glutamic acid 

10 

15 

— 

22 

Glycerol 

0 

5 

— 

3 

Glycine 

8 

9 

3 

0 

Glycinamide 

12 

18 

20 

28 

Glycocyamine 

11 

12 

8 

5 

Glycolic acid 

— 

9 

— 

14 

Lactic acid 

— 

15 

17 

20 

Malonic acid 

9 

10 

— 

10 

Oxalic acid 

20 

15 

10 

0 

Phenylalamne 

8 

7 

— 

0 

Pyruvic acid 

21 

— 

23 

40 

Saccharic acid 

6 

— 

3 

3 

Sorbitol 

— 

18 

34 

30 

Succinic acid 

— 

8 

9 

15 

Thioacetamide 

16 

18 

22 

10 

Thioglycolic acid 

20 i 

1 

5 

3 

0 


A senes of compounds in isotonic solution and at neutral pH were added to a basal 
medium consisting of 0 5 ml of dialyzed heated rabbit serum, 0 1 ml of thioglycolate medium, 
1 0 ml of m/10 arginine, 0 5 ml of m/10 phosphate buffer (pH 7 4), and 0 33 ml of m/10 5 
cjrsteine hydrochloride The imtial count was 0 5 million orgamsms per ml in a total 
volume of 5 ml The count after 6 days in a control tube containing no added compound 
was 3 million per ml 


























TABLE 8 

Serum albumin as an adequate replacement for the nondialyzahle fraction of serum in the 
cultivation of the Reiter treponeme 


BASAL UEDIUU 

. 

INITIAL 

COUNT 

(millions 

PER ml) 

MILLIONS OF OEGANISMS/mL AFTER 6 DAYS’ 
INCUBATION 

Thiogly 

colate 

medium, 

ml 

Arginine 

(St/10), 

ml 

Sodium 
acetate 
(m/ 7) ml 

Phos- 
phate 
buffer 
(ir/IO 5), 
ml 

Gluta 
thione 
(ir/7), ml 

Ascorbic 

acid 

(u/7), ml 

Serum factors added to basal medium 

Control 
(no added 
serum 
factors) 

Crystalline 

bovme 

serum 

albumin 

Dialyzed 

human 

serum 

Whole 

heated 

human 

serum 

0 20 

1 5 

1 5 

0 5 

0 12 

0 25 

2 0 

3 

148 

208 

310 


In an experiment similar to that described in table 5, 0 5 ml of whole serum, 0 5 ml of 
dialyzed serum, and 0 5 ml of S per cent crystalline serum albumin, respectively, were added 
to the basal medium The inoculum was a suspension (in the serum-free basal medium) of 
organisms sedimented from an actively growing culture and washed in the serum free 
medium 


TABLE 9 


The growth-promoting effect of serum albumin in conjunction with serum ultrafiltrate 
or sodium acetate in the cultivation of the Reiter treponeme 
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Figure S The grovrth-promotmg effect of cvsteme on the Reiter treponeme as a function 
of its concentration 


TABLE 11 


The groiBlh-promoling effect of various sul/ur-confatntng substances 



1 KiLuovs or oiOAinsits peb »a atibs 6 dabs’ 




I>CUBATIOS 



SULTCTfi-COVTAINISG COilPOUNt) 







Final concentration of snlfur compounds 



1 80 000 

1 20 000 

1 5 000 

1 I 000 


Cysteine HCI 

44 

5S 

71 

100 


Glutathione 

32 

45 

67 

71 


Homocysteine 

32 

— 

— 

37 

Effective 

Thioglycohc acid 

40 

48 

41 

45 


Thiamine 

— 

9 

50 

39 


Cystine 



47 

51 

0 

Effective, 

Sodium sulfide 

— 

33 

0 

1 

but toxic 

Methiomne 

— 

9 

0 

0 

Ineffective 


Various sulfur-contaimng substances at isotonic concentration and neutral pH were 
added as indicated to a basal medium consisting of 0 5 ml of 5 per cent crystalline bovine 
serum albumin, 0 05 ml of thioglycolate medium, 1 0 ml of m/10 arginine, 1 0 ml of m/7 
sodium acetate, 0 5 ml of m/10 5 phosphate buffer (pH 7 4), and 0^ ml of m/7 ascorbic acid, 
all in a total volume of 5 ml The imtial count was 0 5 mdlion organisms per ml The 
count after 6 days in a control tube contaimng no added sulfur-contaimng compound was 
9 miUion per ml 

cysteine was not vinique in its growth-promoting action Not only were other 
sidfhydryl-containing compounds (glutathione, homocysteme, and thioglycohc 
acid) fully active, but several compounds m which the sulfur was present m an 
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S or — S— S— rather than SH hukage (thiamine, cystine) were also effec- 
tive Methionme alone of the substances tested had no growth-promoting 
effect, perhaps because it is not transformed to an — SH compound under the 
conditions of the experiment 

Phosphate buffer The phosphate buffer used in these experiments apparently 
had no effect over and above its buffermg action In several experiments the 
same culture medium was used with and without phosphate buffer, with no sig- 
nificant differences m the degree of multiplication Also, the culture in the 
phosphate-free medium could be successfully subcultured into the same medium 
These data mdicate that the phosphate served only to maintam a pH range suit- 
able for growth, and that the buffer otherwise had no beneficial action This 
conclusion neglects the possibility that the mmute amounts of phosphate prob- 
ably present in the several unpurified components of the medium (yeast extract, 
tiypticase) may suffice to exercise a growth-promotmg effect The pomt iviU 
require restudy when these as yet unidentified components can be replaced iwth 
chemically defined compounds 


DISCUSSION 

It IS clear from the data of table 3 that argmme alone of the ammo acids here 
studied was essential for the growth of the Keiter strain of treponeme imder the 
conditions of that exTienment The fact that such closely related substances as 
arginic acid, citrullme, and omithme did not replace argmme suggests that argi- 
nme as such may enter the metabolic cycle of the organisms However, the 
large amounts necessary in companson with the amount of growth obtamed 
suggest also that argmme may be merely substitutmg for another more active 
compound, as yet unidentified, and the very necessity for such large amounts 
may make it difficult to follow the metabolic pathways mvolved m its utiliza- 
tion 

Acetic acid was found to promote the growth of the Reiter organism under the 
experimental conditions Although it was the only one of the low-molecular- 
weight saturated aliphatic acids tested which was active in this respect, acetic 
acid could be replaced by a number of closely related compounds such as acetal- 
dehyde, ethanol, and pyruvic acid (see table 7) This may prove useful m tracing 
the metabolic pathways mvolved m the utilization of these compounds Acetic 
acid (but not argmme) functioned as a substitute for the dialyzable components 
of serum, i e , dialyzed serum or serum albumm gave good growth when supple- 
mented with acetic acid on an otherwise madequate basal medium (cf tables 2, 
5, 6, 7, 8, and 9) 

The growth-promotmg properties of both acetate and argmme were not mani 
fest unless there were present adequate amounts of at least three other factors 
(a) the umdentified factor (or factors) m the thioglycolate medium, (b) serum 
or serum albumm, and (c) cysteme or some other S-contaimng compound 

In agreement with previous reports (Little and SubbaRow, 1945, White ey M 
Frazier, 1948), crystallme bovme serum albumm (Armour) was found to be a 
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growiih-promotmg factor, and was shomi to substitute for the nondialyzable 
fraction of whole serum (table 9) Its function is, however, not yet cleai Serum 
albumin plaj^s an essential role m media developed for the cultivation of Myco- 
bactemtm iubcrcidosts (Dubos and Davis, 1946) and of Trichomonas vagmahs 
(Spnnce and Kupferberg, 1947) , and, m the case of the former medium, its favor- 
able effect has been attnbuted primanlj’’ to a detoxifymg action (Davis and 
Dubos, 1947) Studies are nov in progress to determme its function m the cul- 
tivation of the Reiter orgamsm 

Five components have therefore been identified as essential and together to be 
adequate for the multiplication of the Reiter treponeme m an anaerobic environ- 
ment (1) argimne, (2) acetic acid, (3) any one of a number of sulfur-contammg 
substances, (4) crystallme serum albumm, and (5) an as yet imidentified com- 
ponent (or components) m the thioglycolate medium Of the four chemically 
defined compounds only the — SH — contammg substances were effective m 
such small concentrations (0 00008 m) as to suggest that they might act as 
growth factors rather than metabohtes The present experiments furnish no 
evidence as to whether the other substances seiw^e merely as sources of energy or 
are used m building up cell protoplasm 

The "thioglycolate medium” which must still be added apparently contains 
only three substances that could be contnbutmg to growth a yeast extract, an 
enzymatic casern digest (trypticase), and glucose (The phosphate, resazurm, 
and agar m the thioglycolate medium have been shown to be probably noncon- 
tnbutory imder the conditions of the present experiments, and the cystme and 
thioglycolic acid have been shown to be replaceable by any sulfhydryl-yieldmg 
compound ) Smce the yeast extract and casern digest pernut growth of the 
orgamsm when they are added to the other four mgredients m final concentrations 
of 1 10,000 and 1 3,300, respectively, the active component (or components) 
must be effective m min ute concentration Studies on the identification of those 
active components are now m progress 

SUMMARY 

A mixture of acetic acid, argimne, any one of a number of sulfur-contammg 
compounds, and ciystallme serum albumm, supplemented with min ute, amounts 
of yeast extract, an enzymatic casern digest, and glucose, has been shown to per- 
mit the multiphcation of the Reiter treponeme 

The acetic acid has been shown to replace the dialyzable components of whole 
serum, and crystallme albumm has been shown to substitute for the nondialyzable 
fraction 

The minimal effective concentrations of acetic acid and arg imn e were 0 0036 m 
and 0 0005 m, respectively, but the rate of growth mcreased progressively with 
mcreasmg concentrations up to the highest concentrations studied The minim al 
effective concentrations of the sulfhydryl compounds studied were of the order 
of 0 0001 M, and serum alb umin was effective at a concentration greater than 
0 1 per cent 
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A QUANTITATIVE ANALYSIS OF THE RESISTANCE OF 
MYCOBACTERIA TO STREPTOMYCINi 
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Raj/ Brooh State Tuberculosis Hospital, Raj/ Brook, New York 
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The rapid^ate at which bacteria develop resistance to streptomycin has been 
demonstrated in vitro and in vivo Quantitative studies have been made of 
certam species of non-acid-fast organisms which give nse to streptomycin-resist- 
ant variants (IHem, 1947, Alexander and Leidy, 1947, Klem and lOmmehnan, 
1946) These investigations show that small numbers of resistant cells are 
present m susceptible populations independent of the presence of the drug, and 
it IS now generally agreed that these arise by a process of spontaneous mutation 
Naturally resistant forms of tubercle bacilli have been isolated by Pyle (1947) 
directly from the sputa of patients who have not been treated with streptomycm, 
and the presence of naturally resistant vanants m stock cultures of H37RV has 
been demonstrated by Vennesland, Ebert, and Bloch (1947) 

This IS a report of studies made of the orderly manner in which spontaneous 
vanants occur in cultures of Mycobaclerium tuberculosis and Mycobacterium ranae 
The quantitative data were obtained from the many tests required to estabhsh 
figures large enough to bear statistical analysis These data seem to provide a 
reasonable explanation for the vanation m resistance encountered m the cultures 
of patients who have been treated with identical therapeutic regimens In addi- 
tion, it wiU be shown that the number of vanants m a given susceptible popula- 
tion IS duectly affected by the concentration of the drug present m the medium 
Sumlarly, the mcidence of vanants is mcreased as the size of the population m- 
creases, provided the concentration of the drug remams constant These and 
other findmgs will be discussed in this report 
The quantitative study was made by growmg the microorganisms m liquid 
tween alb umin medium (Dubos and Davis, 1946) Followmg this, known num- 
bers of cells were plated on solid medium conta inin g specific concentrations of 
streptomycm The progeny of orgamsms growmg m the presence of the drug 
were further analyzed to detenmne their resistance to vanous concentrations of 
streptomycm The details of the experimental procedures are given under 
Matenals and Methods 


MATERIALS AND METHODS 

Tubercle baciUi used m this study were stram H37RV and two strams, WS 
and WR,^ isolated from patients’ sputa The strams were obtamed from patients 
with advanced pulmonary tuberculosis prior to the mstitution of treatment with 
streptomycm Although both patients received f gram of streptomycm every 

* Presented at the Saranac Lake Medical Society on February 11, 1948 

’ Kindly supplied by the Veterans’ Administration Hospital at Sunmount, New York 
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4 hours for 120 days, organisms from the sputa of WS were resistant to 1 000 
micrograms per ml of streptomycin after 30 days of treatment, whereas organi’sms 
from the sputa of WR remained sensitive to 1 0 to 25 micrograms per ml of 
streptomycin after the 120 days of treatment were completed In addition, 
M ranae was used Each of the strains was grown on Hohn’s medium, and 
these cultures served as the source of organisms for subsequent experiments 
The media used m this investigation are liquid tween albumin and a solid 
tween albumin medium prepared as follows 

I Concentrated mineral base 
KHsPO^ 

NajHPO^ 12HjO 
Na citrate 

Ferric ammonium citrate 
Dissolve in 50 ml of distilled water 

Dissolve 0 6 grams MgSOj 7H.0 in 50 ml distilled HiO Mix the two solutions 

II To 100 ml of concentrated mineral base add 900 ml HiO 

Add asparagine 4 g 

“Tween 80” (10 per cent m HjO) 5 ml 

pH adjusted to 7 0 

Add agar 15 g 

Autoclave, cool to 60 C, and add 100 ml of bovine albumin (5 per cent in 1 5 
per cent NaCl, Seitz filtered and heated at 55 C for 30 minutes) Add sterile 25 
per cent glucose solution, 20 ml Add streptomycin as needed 

The preparation is shaken well, and after streptomycin is added plates are 
poured containing about 25 ml each of the medium 

A flask of liquid medium moculated from a stock culture is mcubated, with 
occasional shakmg, for from 7 to 10 days until a growth of the desired turbidity 
IS obtamed The flask is then shaken well for at least one-half hour to obtain 
an even suspension of cells Following this, the number of cells per ml is deter- 
mmed by dilutmg by the usual methods and then plating on the surface of the 
solid medium One ml of a liquid culture to which streptomycm has been added 
until the desired concentration of the drug is obtained is placed on a senes of 
plates containmg the same concentration of streptomycm After being tilted 
to ensure uniform spread of the inoculum, the plates are placed m the incubator 
until the excess moisture has evaporated and then are sealed with wide rubber 
bands The final readmg of colonies growing on plates is made after approxi- 
mately 35 days’ mcubation 

To analyze further the resistance of a colony growmg m a known concentration 
of streptomycm, the colony is inoculated mto liquid medium contammg no 
streptomycm When the desired growth is obtamed, the cells are plated on solid 
medium and on plates containmg the same and higher concentrations of strep- 
tomycm The plates are mcubated as m the procedure mentioned above and 
the results tabulated 


1 g 
6 25g 
1 5 g 

01 g 
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The general procedure when M ranae is employed is the same as the foregomg 
procedure outlmed for M hibcrculosts with two exceptions plam glycerol agar 
IS used in place of solid tween albumm medium, and the mcubation penod before 
countmg the colomes is from 5 to 7 days 

TABLE 1 

Mycohaclenum tuhcrculosts HS7RV 


DlSTUBUnOV OP COLONIES AMONG PLATES 


Number ol 
bacteria per 
inoculum 

Number of colomes growine on each plate contaming 1 microgram of streptomycin 
per m! of medium 

Total 
number of 
resistant 
colomes 

208 billion 

10 

B 

6 

m 

B 

13 

B 

18 


B 



17 

wm 

6 

mm 

o 

14 

wm 

19 

9 

■El 



11 

12 

14 

15 

B 

3 

13 

12 

15 

17 

375 


Number of colonies growmg on each plate containing 100 micrograms of streptomycm 
per ml of medium 


298 billion 


1 

1 

0 

0 i 

1 

2 



2 




4 

2 

0 

1 

2 

1 



2 




1 

1 

2 

0 1 

3 

3 

2 


2 



1 

0 









51 

149 billion 

1 

0 

0 

0 

1 

2 


0 

B 

B 

0 



1 

0 

mm 

0 

0 


0 

B 

B 

2 



0 


m 





B 

B 


14 

10 billion 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 


Number of colomes growing on each plate containing 1 000 micrograms of streptom> cm 
per ml of medium 


208 billion 

n 

1 

0 

0 

2 

0 

2 

2 

0 

0 




1 

1 

0 

0 

2 

0 

1 

0 

mm 



H 

2 

1 

0 

1 

2 

0 

1 

1 

0 

B 

24 


RESULTS 

The results of the experiments are arranged m the four tables In table 1 
showmg the results obtamed with H37RV, it is to be noted that as the size of the 
sample of orgamsms mcreases, the number of vanants resistant to 100 micro- 
grams per ml of streptomycm is significantly mcreased With samples of the 
same size there is great vanation m the number of resistant colomes appearmg 
on any one plate Several plates contam no colomes As the size of the sample 
IS reduced, the number of plates showing no growth is mcreased, and when the 
sample size is reduced still further, the chances of growth on a plate become 
negligible When the concentration of the drug m the medium is reduced to 1 
nucrogram per ml, the number of resistant colomes growmg is mcreased and every 
plate contams some colonies, but when the concentration of the drug os mcreased 
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to 1,000 m^crograms per mj, there is no significant change in the number of natu- 
rally resistant colonies from the number growmg in 100 micrograms per ml The 
samples listed m table 1 were obtained from the same liquid culture When 
other cultures of the same stram are used at different times, the figures obtained 
will vary but the fundamental relations between sample size and concentration 
of drug will hold 


TABLE 2 

Mycohacierium tuberculosis strains WR and WS 


DISTRIBUTION OP COtONIES AMONG PLATES 


Number of 
bacteria per 
inoculum 


Number of colonies growing on each plate containing 1 nucrogram of streptomycin 
per ml of medium 


Total 
number of 
resistant 
colomes 


Strain WR 


499 billion 

0 

1 


2 

0 

2 

1 

2 

1 

1 



3 

2 


4 

2 

0 

2 

3 

2 

1 



4 

3 

1 

2 

0 

3 

3 

2 

2 

1 

64 


Number of colomes growing on each plate containing 100 microgramB of stieptomyciQ ^ 
1 per ml of medium | 


998 billion 

0 

2 

1 

1 

0 

0 

0 

0 

0 

i 0 



3 

0 

1 

0 

0 

1 

1 

1 

3 

0 



1 

0 

0 

1 

0 

0 

2 

0 

1 

0 

19 


Strain WS 



Number of colonies growing on each plate containmg 1 nucrogram of streptomycin 
per m of medium 


200 billion 

4 

5 

3 

2 

5 

1 

4 

6 

0 

1 



1 

5 

3 

1 

6 

4 

6 

4 

8 


70 

178 billion 

4 

3 

12 

12 

15 

10 

B 

5 

4 




6 

4 

3 

2 

16 

15 

m 

20 

18 
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! Number of colomes growing on each plate containing 100 micrograms of streptomycin 

per ml of medium 

1 

400 billion 

2 

1 

1 

2 

3 

2 

3 

3 

0 

1 

35 


2 

0 

0 

2 

1 

1 

6 

2 

3 

0 

178 billion 

1 

2 

2 

1 

0 

0 

3 

1 

2 

4 

47 


3 

2 

4 

4 

3 

0 

3 

6 

5 

1 


A comparison of the results shown m table 2, obtamed with strains WS and 

WR, confirm the prediction that more resistant vanants would be found m stram 

WS, the stram which developed resistance to streptomycin after 30 days of treat- 
ment of the patient Because of population changes due to subcultunng, these 
results may not always be predicted (see Discussion) When samples from de- 
ferent subcultures of stram WS were used, the number of resistant foriM, as no 

m table 2, vaned greatly m number Although the results m the table show t 
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TABLE 3 

Mycobacterium ranae 


DISIErBDTION OF COLONIES AUONO PLATES 


[Number of 
bacteria per 
iQOCufujn 

Number of colomcs growing on each plate containing 1 microgram of streptomyan 
per ml of medium 

Total 
number of 
resistant 
colomes 

12 billion 

1 

0 

2 

1 

0 

0 

0 

1 

2 

0 



0 

mm 

1 

0 

0 

n 

0 

2 

0 

n 



H 

B 

2 

0 

1 

B 




II 

19 

210 billion 

n 

B 

8 

5 

5 

B 

■1 

3 

6 

11 




■1 

8 

6 

9 

o 


11 

9 

10 



15 

H 

8 

12 

5 

H 

B 
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Number of colomes growing on each plate containing 10 micrograms of streptomycm 
per ml of medium 


88 billion 

n 

5 

0 

1 

1 

0 

0 

1 

3 

1 




0 

1 

2 

2 

2 1 

1 

0 

2 

4 



n 

0 

5 

1 

1 

2 





38 

120 billion 

5 

3 

2 

0 

1 

0 

3 1 

2 

1 

0 



0 

4 

0 


3 

0 

1 

1 

3 

4 



1 

0 

5 

1 


1 

2 





46 

42 billion 

0 

0 

1 

2 

0 

1 

0 

0 

1 

2 



0 

0 

0 

0 

1 

1 

0 

2 

0 

0 



1 

1 

0 

0 

0 

0 





13 


Number of colonies growing on each plate containing 100 micrograms of streptomycm 
per ml of medium 


14 billion 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 



1 

0 

0 

0 

0 

0 

0 

0 

0 

0 



0 

0 

0 

0 

0 

0 

0 




1 

168 billion 

0 

0 

1 

0 

2 

0 

0 

0 

1 

0 



1 

1 

0 

0 

0 

1 

1 

0 

0 

0 



0 

0 

1 

0 

0 

1 

0 

' 0 

1 



10 

115 biUion 

2 

0 

0 

1 

2 

0 

0 

0 

0 

1 


i 

1 

0 

0 

0 

0 

0 

1 

2 

0 

0 


1 

0 

0 

1 

0 

2 

0 

0 

0 



13 

453 billion 

1 

2 

4 

0 



0 

0 

4 

3 


1 

2 

4 

1 

0 



1 

0 

0 

0 



1 

2 

1 

0 

0 



0 

0 
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number of resistant variants to be mcreased when strain WS was subcultured, 
other samples of subcultures of the same stram have been shown to contam fewer 
vanants 

In table 3 are recorded the results when M ranae was used , and it can be readily 














































































































TABLE 4 


Analysts of the resistance to streptomycin of colonies gromng in the presence of 1 unit of 

streptomycin per ml of medium 


CONCENTEATION OF STEEPTOITYCIN IN 2£ICEOGEAl£S PEX ICL OF MEDIUM 

NUMBER OF BACTERIA 

I M tuberculosis strain H37RV 


A 0 

210 billion 

1 

226 billion 

10 

198 billion 

100 

2,000 

1,000 

200 (to 2,000) 

B 0 

1 2 million 

1 

1 4 million 

10 

980,000 

100 

0 

1,000 

0 

II M tuberculosis strain WR 


0 

78 billion 

1 

81 billion 

10 

67 billion 

100 

305 

1,000 

125 

III M tuberculosis strain WS 


0 

128 billion 

1 

109 billion 

10 

101 billion 

100 

684 

1,000 

278 

IV M ranae 


0 

1 9 billion 

1 

1 6 billion 

10 

1 8 billion 

100 

400 

1,000 

10 


Analysis of the resistance to streptomycin of colonies gromng in the presence of 100 units of 

streptomycin per ml of medium ^ 


I M tuberculosis strain HSTRV 

26 million 

A U 

26 million 

iUU 

1,000 

25 million 


228 billion 

B 0 

225 billion 

100 

210 billion 

1,000 


II M ranae 

31 million 

0 

30 million 

100 

32 million 

1,000 
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seen that the general relationships between the number of organisms m a sample 
concentration of drug and the number of resistant colonies hold for this organism 
The data obtamed -with M ranae are probably more accurate than those with 
M luherculosts because the size of the sample is more accurately determmed for 
M ranae With groiv^th of this organism in liquid media cells show no clumping, 
whereas with ilf iuherculosis microscopic clumpmg is occasionally seen even after 
thorough shakmg 

In analysis of the resistance of colonies growmg on plates contammg 1 micro- 
gram per ml of streptomycin, table 4 shows that all the orgamsms are resistant 
to 1 microgram per ml of streptomycm It is of mterest that the number of 
organisms resistant to higher concentrations of streptomycm is greater among 
these organisms resistant to 1 microgram per ml of streptomycm than it is among 
the original parent population (See tables 1, 2, 3 for comparison ) 

DISCUSSION AND SUMMARY 

From the foregomg observations it seems evident that the nature of resistance 
of mycobacteria to streptomycm is that of selection of normally occurrmg hered- 
itary variants that are present m the origmal cell population That the addition 
of streptomycm to the medium renders it selective for the growth of resistant 
variants cannot be disputed The specific mduction of such forms by the drug 
can be senously questioned smce the number of variants present m an origmal 
population IS so small Furthermore, it was shown previously by Yegian, Budd, 
and Middlebrook (1946) that tubercle bacilli exposed to sulfonamides under con- 
ditions precludmg multiplication fail to develop resistance Additional studies 
usmg quantitative methods with streptomycm showed that no mcrease m the 
number of resistant vanants occurred under these conditions The facts that 
the resistant vanants are genetically stable and that they are present m small 
numbers m a random population support the contention that they are produced 
by a process of mutation regardless of the presence of the drug 

It IS evident from an exammation of the data that an mcrease m the population 
of one parent stram is accompamed by an mcrease m the number of vanants 
resistant to a specific concentration of the drug It is to be noted, however, that 
the populations m different cultures show a great vanation m the number of 
resistant vanants present Even the samples taken from the same culture show 
a great vanation m the number of resistant forms These findings are readily 
explamed on the basis of chance selection 

The data presented show clearly that the number of resistant forms is directly 
affected by the concentration of the drug m the media A marked decrease m 
the number of colonies occurs when the drug concentrations are mcreased from 
1 microgram per ml to 10 micrograms per ml and then to 100 micrograms per ml, 
however, when certam high concentrations of the drug are used, such as 100 
micrograms per ml and 1,000 micrograms per ml, no significant difference m the 
number of resistant colomes is observed 

From analyses of populations resistant to 1 microgram per ml of streptomycm, 
it IS evident, as expected, that all the organisms are resistant to 1 microgram per 
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ml of streptomycm, and that there are more lughly resistant variants in the pop 
ulations resistant to 1 microgram per ml than m the ongmal parent populations 
The elimmation of all organisms susceptible to 1 microgram per ml of drug selects 
a population all of whose members are resistant to streptomycin to some degree, 
this would appear to facilitate not only the multiplication of the (relatively few) 
highly resistant forms already present but possibly the production by mutation 
of more highly resistant forms From his studies of resistance of bacteria to 
penicdlm Demerec (1945) concluded that the degree of resistance to the drug 
increases by definite increments as the naturally resistant forms multiply A 
similar process may be occumng durmg our analyses of resistant populations 
Also, it IS observed from the data presented that variants resistant to 100 micro 
grams per ml of streptomycm are equally resistant to much higher concentrations 
of the drug Apparently streptomycin m any concentration has no effect on 
forms resistant to a certam mmimum concentration of the drug 

The clmical significance of the findmgs presented must be emphasized, for 
often data concerning the sensitivity of tubercle bacilh to streptomycm are either 
inadequate or improperly interpreted It has been shown that, when the sample 
of bactena used is sufficiently large and when the time allowed for growth is pro- 
longed, the chances of findmg resistant forms are mcreased As the sample size 
decreases, the chances of resistant forms bemg observed are greatly decreased 
When only one sample is used, the conclusions drawn must be very hmited, for we 
have noted great variations among samples from the same parent population 
When sensitivity studies are made m the usual manner, a tune limit is used for 
allowmg growth of resistant forms When the tune limit is extended, a few 
resistant forms may be allowed to multiply adequately and the results may be 
given a quite different mterpretation In addition, the collection of sputa speci- 
mens from which the ongmal stock cultures are grown must be considered inade- 
quate m certam instances All the vanations m resistance of the bacterial popu- 
lation m the diseased areas of the patient are probably never represented m any 
single or even m several sputa samples 

It IS known that multiplication of cells is essential to mcrease the number of 
resistant forms The reproduction rate of tubercle bacilh within patients under 
treatment with streptomj'-cm may vary greatly m different patients, in addition, 
the reproduction rate of the stock cultures and subcultures vanes greatly Of 
great importance is the character of the mdividual population The mutation of 
resistant forms is very dependent upon this factor, which is difficult to analyze 
When tubercle bacilh strains WS and WR were studied pnor to streptomycin 
treatment of the patient (table 2), the predication was venfied that more re- 
sistant vanants would be found m strain WS, the stram w'hich later developed 
resistance to streptomycm after 30 days of treatment of the patient Numerous 
subcultures of the strams were made, and because of population changes the 
results might have been different Distmct vanations m the number of resistan 
forms found m stram WS were noted when different subcultures of the same stram 
were used Some samples showed defimte decreases m the number of vanan s 
present 
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It IS conceivable that all the bacteria within a patient are not exposed to the 
same concentration of streptomycin Because of a low concentration of strepto- 
mycm m certam of the diseased areas, bactena which may be readily susceptible 
to streptomycm are allowed to exist dunng the treatment penod The presence 
of these organisms in the sputum at a later date may go undetected durmg routme 
sensitivity studies because the resistant forms outnumber these rema inin g sen- 
sitive organisms and because the procedure is designed to “select out” only the 
resistant forms It is conceivable, also, that an extension of disease m the 
patient after the treatment period is concluded could be caused by these strepto- 
mycm-susceptible organisms It is essential that complete studies be made of 
tubercle obtamed from many different areas m patients who have undergone 
treatment with streptomycm and subsequently died 
It IS apparent that many factors can influence the results obtamed m the usual 
sensitivity studies It must be borne m mmd constantly that chance and chance 
alone may account for the flndmgs obtamed Sample vanations, the multiph- 
cation of the cells, the time allowed for growth, and the charactenstics of an 
individual population must always be considered 
The demonstration of the resistant vanants m a random population, as has 
been shown, is a relatively simple procedure It is known that resistance is 
specific and permanent in nature Is it not possible that the resistant vanants 
may occasionally give nse to mutants resembhng the parent stram m their 
susceptibihty to streptomycm? Study of this problem is rendered difficult 
because there is no selective medium that prevents growth of the resistant stram 
and allows growth of the streptomycm-susceptible stram that may have mutated 
from the resistant stram The problem resolves itself mto isolatmg from a re- 
sistant stram still another vanant that requires streptomycm for its growth 
Isolation of such a variant of M ranae has been accomphshed By isolatmg this 
vanant we have obtamed an organism for which a selective medium exists 
(Yegian and Budd, 1948) From studies of large populations of this vanant 
stram that requires streptomycm for its growth, a few colomes have been isolated 
that resemble the parent stram m their susceptibflity to streptomycm and sulfon- 
amides, m their biochemical reactions, and m their morphological and cultural 
characteristics These flndmgs are s imil ar to those obtamed by Mfller and 
Bohnhoff (1947) m their studies of menmgococcus 
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Natural infections with Pasleurella psetidotuherciilosis have been recognized m 
man and in numerous species of lower animals smee the origmal description of the 
organism by Malassez and Vignal m 1883 Although Dessy (1925) and Meyer 
(1928) have mentioned the presence of toxic substances m broth cultures of P 
pseudoluberculosis, the properties of such substances have apparently not been 
recorded m the literature 


MATERIALS AND METHODS 

Cultures The 27 strams of P pseudoluberculosis previously studied by 
Lazarus and Gunmson (1947) were investigated for ability to produce endotoxm, 
usmg the methods described below Two strams, “Saranac” and “New 
Orleans,” were found to produce endotoxm The reasons for 2 strains bemg 
toxigenic and the remainmg 25 lackmg this property have not as yet been ade- 
quately investigated 

Stram Saranac was received m 1944 from Dr Leroy U Gardner of the Trudeau 
Foundation of Saranac Lake, New York The organism was isolated from cases 
of pseudotuberculosis occurrmg m the animal colony of the Saranac Laboratory 
The culture has been earned on various media smee 1944, most frequently on 
Difco proteose no 3 agar The organism apparently belongs to serologic group 
I, as classified by the system suggested by Schutze (1928) 

Stram New Orleans was isolated from a fatal human case and described in 
detail by Moss and Battle (1941) The organism probably belongs m serologic 
group III 

Bacteriophage The stram of phage used m this study was origmally isolated 
from a clmical case of bubonic plague by Advier (1933) The adaptation of the 
phage to P pseudoluberculosis and its general properties have been previously 
described (Lazarus and Gunnison, 1947) 

Production of endotoxin Difco proteose no 3 broth was the standard medium 
Used Broth cultures were prepared by moculatmg heavily with a young culture 
of the desired stram and meubatmg 8 hours at 37 C To the turbid culture was 
then added undiluted phage m a volume equal to 2 per cent of the volume of the 
culture Additional overnight mcubation resulted m a decrease m turbidity, the 
final appearance of the medium varymg mth different strams from partial to 
complete clarity The lysates were passed through a Seitz EK filter disk and 
stored m the refrigerator, at 0 C or at -{-10 C 

Present address Department of Public Health and Preventive Mediome, University 
of Wastungton School of Medicine, Seattle 5, Washington 
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EESULTS 

The followiDg obsen^ations apply to the endotoxin of both Saranac and New 
Orleans strains No basic differences m effect or in potency have been obsen ed 
Properties of the endotoxin Lysates produced as described above were fatal to 
mice m from 2 to 48 hours foUowmg mtravenous moculation of 0 5 ml Although 
there was vanation m toxicity with different lots, dilutions of 1 m 6 to I in°8 
usually killed 50 per cent of the mice used For purposes of this study, deaths 
48 hours or more after moculation were not considered as bemg due to endotoxin 
The method of preparing endotoxm by allowmg broth cultures to autotyze at 
37 C was not successful with P pseudotnberculosis Although filtrates of 
autolyzed cultures defimtely yielded endotoxm, the amoimt when titrated in 
mice was no greater after 5 to 10 days m the mcubator than was produced by 
overmght lysis of an 8-hour culture through the agency of phage Daily filtrates 
of cultures held at 37 C showed a progressive decrease m endotoxin content after 
10 da5''s, until m 15 days the filtrate no longer was able to kill mice This was 
mterpreted as evidence of the instability of the endotoxm, which was further 
demonstrated by its relatively rapid destruction by heat or prolonged storage 
Lysates origmally'' capable of kdlmg mice withm 48 hours foDowmg mtravenous 
moculation were mactivated after exposure to 60 C for 30 mmutes, and no longer 
produced any effect m animals Storage at -flO C resulted m maetivation of the 
endotoxm m approximately 8 months without any marked effect on the phage 
contamed m the same preparation 

The apparent lability of the endotoxm of P pseudotuberculosis is at vanance 
with the heat stability of most other endotoxms, although other exceptions have 
been reported (Topley and Wilson, 1946) The endotoxm descnbed in this 
report differs somewhat m heat sensitivity from the endotoxm of Pasteurella 
pestis, which is not completely mactivated after 4 hours at 56 C (Meyer, 1948) 
Animal inoculation Rabbits mjected mtravenously with a single 5-ml dose 
of endotoxm died m 6 to 8 hours Autopsy showed circulatory changes, particu- 
larly m the abdommal region, that havm been recogmzed as typical of endotoxm 
death (Delaunay, Lebrun, and Cotereau, 1947) The blood vessels of the ab- 
dommal wall, omentum, and mtestmes were engorged, and areas of hemorrhage 
were macroscopicaliy visible Fluid tmged with blood was present m the ab- 
dommal cavity, and to a lesser degree m the thoracic cavity The smaller blood 
vessels of the thoracic area showed some hemorrhages macroscopicaliy Death 
was apparently due to major cuculatory changes, which Delaunay et al have 
suggested are similar to those seen m traumatic shock 

In guinea pigs and mice, the general picture was similar to that m the rabbit 
No characteristic changes were visible m the organs, the cucidatoiy system bemg 
the major site of difficulty Although mtravenous moculation of endotoxm 
produced the most rapid death, mtraperitoneal or subcutaneous injections were 
likewise fatal, with the same general signs of cuculatory damage 

Inoculation of from 0 05 to 0 1 ml of endotoxm mtradermally mto shaved 
gumea pigs produced an erythematous reaction reachmg a maximum diameter o 
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2 to 3 cm m 48 hours and progressmg to central necrosis, formation of a scab, and 
subsequently a smooth scar There was no evidence of local resistance to the 
endotoxm, as demonstrated by second moculations of an area previously used for 
a positive mtradermal reaction It is of importance to note that the two cultures 
producmg the lethal factor were the only two to produce any reaction m the 
gumea pig skm, the lethal and necrotizmg factors probably bemg merely different 
manifestations of the endotoxm 

Attempts to produce antitoxin The endotoxm was readily detoxified by the 
addition of 0 3 per cent formalm After 48 hours at 37 C, the treated endotoxm 
was harmless for mice when moculated mtravenously m 0 5-ml amounts 

No evidence of antitoxm production m rabbits could be demonstrated foUowmg 
7 mjections of such detoxified endotoxm spaced over a period of 3 weeks The 
serum from these rabbits not only failed to neutrahze small amounts of endotoxm, 
as shown by mtravenous moculation of the mixture mto mice, but m addition the 
rabbits succumbed to small doses of toxm One-half ml of endotoxm mtrapen- 
toneaUy was fatal to these rabbits, with typical autopsy findmgs as described 
above Similar findmgs were noted m mice, with the evidence mdicatmg that 
1 or 2 doses of detoxified material were unable to stimulate antibody production 
suflicient even to neutralize a smgle lethal dose of toxm The possibility that 
better results could be ob tamed foUowmg more numerous mjections of endotoxm 
treated with formalm is bemg mvestigated further 

DISCUSSION 

The lethal properties of phage lysates from two strams of P pseudotuberculosis 
are not connected with the phage, but rather with the bactenal cells and the 
products of their lysis This is demonstrated by the fact that phage lysates of 25 
additional cultures of the same organism were unable to produce either the lethal 
or necrotizmg factors, although both phage and lysed bactena were present m the 
same amoimts as m the two toxigenic cultures Furthermore, cultures of the 
two toxigemc strams produced endotoxm when autolysis was accomplished with- 
out phage It seems likely that the amount of endotoxm obtamed from the two 
toxigenic strams could be mcreased by usmg methods other than phage lysis or 
autolysis as a result of age 

The endotoxm of P pseudotuberculosis produces m animals the typical effect 
on the circulatory system which has been reported for other endotoxms It 
hkewise shows the mability to give rise to specific symptoms or lesions that is a 
general attribute of the group of endotoxms (Topley and Wilson, 1946) The 
heat sensitivity of the endotoxm of P pseudoluberculosis is somewhat greater than 
that of the endotoxm of P pestis, and may offer additional evidence that the two 
organisms are not identical 

It is of mterest to note that Moss and Battle (1941), m reportmg on the isola- 
tion and identification of the New Orleans stram, mention death of guinea pigs m 
12 hours foUowmg subcutaneous or mtrapentoneal moculation of whole organ- 
isms This was undoubtedly the result of endotoxm action, m the light of the 
foregomg data 



190 


A S LAZAEUS AKB JI IT JTOZATV^A 


[vox, 56 


ACKKOTOLEDGMENTS 

The authors are grateful to members of the staff of the Division of Bactenologj' 
and to Dr K F Meyer and other members of the staff of the Hooper Foundation 
for numerous helpful suggestions during the course of this study 

SUMMARY 

An endotoxm was prepared by lysis of two different strains of PasleureUa 
pseiidotuberculosis with bactenophage The endotoxm produced major cncu- 
latoiy changes and death m less than 12 hours in rabbits, guinea pigs, and white 
imce In addition to death of experimental animals, the endotoxm m smaD 
doses was able to produce necrosis m the skm of gumea pigs 
The endotoxm was mactivated b 3 ’- heatmg for 30 mmutes at 60 C, bemg slightly 
more sensitive m this respect than the endotoxm of Pasteurella pestis 

Endotoxm, after detoxification with formahn, was meffective m producing 
antitoxm, no emdence of protection bemg obtamed 
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Staphylocoagulase (Gratia, 1919) appears to require a cofactor present in 
plasma (Smith and Hale, 1944) Gerheim, Ferguson, and Travis (1948) propose 
“prostaphylocoagulase” as the name of the staphylococcal product, which would 
tacitly leave staphjdocoagulase as the term mdicatmg the active adduct of bac- 
tenal product and plasma cofactor The plasma cofactor has been reported to 
be associated with plasma albumms (Gerheim, Ferguson, and Travis, 1947) and 
with plasma globulms (Tager, 1948) 

The coagulation of plasma by livmg cultures of staphylococci is not inhibited 
by citrate, hirudm, fluonde (Much, 1908), oxalate (von Gonzenbach and Uemura, 
1916), heparm (Rigdon, 1942), cobra venom, chlorazol fast pink, hydroquinone, 
or low oxygen tension (Walston, 1935) Gengou (1933) reported no inhibition 
followmg storage of broth cultures of staphylococci m the presence of 0 15 per 
cent phenol, 0 1 per cent permanganate, or 0 1 per cent trypaflavine, but complete 
mactivation by 0 3 per cent formaldehyde m 48 hours at 37 C Neter (1942) 
reported that zephiran chloride 1 10,000 prevented, and 1 100,000 delayed, 
coagulation of oxalated human plasma by a broth culture of hvmg staphylococci 
Adequate controls ruled out any effect of zephiran at these concentrations on the 
coagulability of the plasma itself, the experiments were not decisive as to whether 
the action was on the organism or on the staphylocoagulase Spmk and Vivmo 
(1942) found that sulfathiazole (in concentrations of 100 to 1,000 mg per 100 ml) 
accelerated the clottmg action of sterile broth filtrates of coagulase-positive 
strams of Staphylococcus aureus on citrated human plasma A similar effect of 
slightly less magmtude was shown by sulfanilamide, on the other hand, sulfa- 
pyndme was slightly, and sulfadiazme strongly, inhibitoiy to coagulation All 
the sulfonanudes studied showed an acceleratmg action m the presence of p- 
anunobenzoic acid, which by itself also had an acceleratmg action Lommski 
and Roberts (1946) found, m 212 out of 348 human sera, a substance that 
neutralized coagulase The inhibitory substance is precipitated with the serum 
globulms by ammomum sulfate and resists heatmg at 63 C for 30 minutes 
Agnew, Kaplan, and Spink (1947) tested coagulatmg action and viability of 
staphylococci m the presence of penicillm and streptomycm PemciUm m- 
hibited growth m concentrations of 3,125 units (1 87 mg crystallme pemcillm G 
sodium) per ml or higher, the inhibition of coagulase was minimal at a concen- 

^ The research reported in this paper was made possible through support extended to 
Boston University by the Navy Department (OfiBce of Naval Research) under contract 
No N6ori-160 
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tratioD of 49 units per ml, and almost complete at 25,000 units (15 mg) per ml 
Streptomycm mhibited growth m concentrations of 4 mg per ml and higher 
coagulation was inhibited m all concentrations studied, the lowest being 0 25 mg 
per ml Farkas (1947), usmg Berkefeld filtrates of S aureus cultures, found that 
bromme m a concentration of 0 3 per cent or more would mhibit plasma coagu 
lation, and that smiilar mlubition occurred with 0 8 per cent lodme The same 
author leports an mhibitoiy effect with tetrathionate, but does not specify the 
amounts used 


PREPARATION OF CONCENTRATED STAPHTLOCOAGUDASE 

The procedure which follows yields a concentrate of the bacterial product 
commonly called staphylocoagulase, possibly better called prostaphylocoagulase 
A strongly coagulase-positive strain of /S aureus (which strain we designate 
arbitrarily as “L” and which was originally isolated from a chronically infected 
mastoid wound) is grown for 1 week in 100-ml portions of beef heart tiyptio 
digest medium (pH 7 6) The cultures are then autoclaved 20 mmutes at 120 C 
This drastic step is justified by the observation of Gengou (1933) that the 
coagulatmg substance is highly resistant to thermal mactivation, it is easily in 
activated by proteolytic enz 3 mies (Walker, Schaffer, and Derow, 1947) Auto 
clavmg has the advantages of removing certam mterfermg proteins by coagu- 
lation, rendering the cocci more readily separable m the centrifuge, and removmg 
the hazard of contammating the subsequent preparations with living cocci The 
supernatant of the autoclaved cultures is adjusted to pH 4 with hydrochlonc 
acid at room temperature, cooled to zero C, and centrifuged at that temperature 
The precipitate is washed three times with one-tenth the origmal volume of 
filtrate first with cold sodium acetate buffer, pH 4, ionic strength 0 1 (Boyd, 
1945) , next with cold acetate buffer of the same pH, ionic strength 0 01 , and 
finally with cold distilled water It is then suspended in a convenient volume 
(about 50 ml) of distilled water at room temperature and brought to pH 7 5 
with sodium hydroxide, spun at room temperature, and the small insoluble 
residue discarded The supernatant is adjusted to pH 4, centrifuged, and washed 
as before It is finally resuspended m a mmimal volume of distilled water, redis- 
solved at pH 7 5, and dried m a vacuum from the frozen state The product is 
promptly water soluble, it is not consistently stable either when dry or m solution 
Dependmg upon the potency of the origmal culture supernatant, final yields vary 
between 25 and 60 mg per 100 ml of origmal supernatant, contaming from 4 to 10 
mg of mtrogen 

Coagulase activity of solutions of this product is determmed by the same senal 
dilution procedure previously descnbed (Walker, Schaffer, and Derow, 1947) 
The extent of purification is mdicated by the detennmation of the ratio 

coagulase titer ^ supernatants has a value of about seven and m our 
mg of mtrogen 

best preparations has reached values over 9,000 
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TESTING PROCEDURE FOR INHIBITORS 

Each substance under test was dissolved in a known concentration in human 
plasma The coagulase titei of a staphylocoagulase solution was then deter- 


TABLE 1 

Results of inhtbiUon tests on staphylocoagulase 


SUDSTAKCC TESTED 

HKAI. CONCENTRATION PER UL 

COACULA 

Test 

SE TITER 

Control 

Tj’rothncin in 

0 05 mg 

16 

256 

propylene glycol 

0 055 ml 



Propylene glycol 

0 055 ml 

32 

256 

Propylene glj col 

0 25 ml 

1 

8 

256 

Gramicidin in 

0 1 mg 

8 

256 

propylene glvcol 

0 1 ml 

1 



Tyrocidin in 

0 1 mg 

8 

256 

propylene glycol 

0 1 ml 



Propylene glj col 

0 1 ml 

8 

256 

Gramicidin in 

0 01 mg 

32 

64 

propylene glycol 

0 01 ml 



Tyrocidin in 

0 01 mg 

32 

64 

propjlene glycol 

0 01 ml 



Propylene glycol 

0 01 ml 

32 

64 

Pemcillm G 

12,500 units 

512 

256 

Streptomycin 

62 5 mg 

2 

512 

Bacitracin 

250 units 

256 

256 

Bacitracin 

50 units 

128 

256 

Hydrazine sulfate 

5 2 mg 

256 

128 

Sulfadiazine 

2 5 mg 

256 

256 

Sulfathiazole 

2 5 mg 

512 

256 

1 

Sodium azide 

1 mg 

8 

32 

Sodium azide 

0 33 mg 

16 

32 

Sodium azide 

0 1 mg 

32 

32 

Zephiran 

0 25 mg 

128 

128 


nimed simultaneously usmg the same plasma as a control substrate, and the 
plasma plus inhibitor as the test substrate The results of tests performed are 
shown m table 1 
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SUMMARY 

Concentrates of coagnlase (prostaphylocoagulase) have been made from culture 
filtrates of Staphylococcus aureus in which the coagnlase titer per milligram of 
nitrogen has been mci eased over a thousandfold The coagulant activity of such 
partially purified staphylocoagulase has been found to be mhibited by strepto 
mycm, piopylene glycol, and sodium azide It is not mhibited by penicillin, 
zephman, bacitracin, tyrothricm, gramicidm, tyrocidm, hydrazme, sulfathiazole, 
or sulfadiazine 
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Williams and Fieger (1946) found that Lactobacillus caset could be grown con- 
tmuously in a medium containing only traces of biotin if oleic acid was present 
at a smtable concentration Trager (1947) observed a similar effect with a 
neutral oil (designated FSF) obtained from hydrolyzed horse plasma This ma- 
tenal, which had some biotin activity for chickens as well as for bactena, per- 
mitted full growth of L casei even m the presence of enough fresh egg white to 
mactivate completely any traces of biotin which might have been present m the 
medium These results have been confirmed and extended (Williams and Fieger, 
1947, Axehod, Hofmann, and Daubert, 1947, Hofmann and Axelrod, 1947, 
Wilhams, Broqmst, and Snell, 1947) 

Lecithin exerts growth-stimulating effects on the lactic acid bacteria (Bauem- 
femd, Sotier, and Bowff, 1942, Strong and Carpenter, 1942) and can replace 
oleic acid for orgamsms reqmnng this matenal (Williams, Broquist, and Snell, 
1947) It can also replace biotm in the growth of L casei (Trager, unpubhshed) 
Since the effects of lecithm may be supposed to be a result of its oleic acid content, 
it seemed of interest to investigate the effects of lysolecithm, which differs from 
lecithm m that it does not contain an unsaturated fatty acid 

MATERIALS AND METHODS 

Two samples of lysolecithm, both obtamed from the Levene collection of the 
Rockefeller Institute, have been used One, no 1070, contained 3 to 5 per cent 
ammo mtrogen, whereas the other, no 1072, contamed 5 to 10 per cent amino 
mtrogen A stock solution of each, contaming 2 mg per ml, was prepared in 
phosphate buffer of pH 7 4 and stored m the refngerator Preparation 1070 
gave complete hemolysis of washed sheep red blood cells down to a concentration 
of 1 10,000, whereas preparation 1072 gave complete hemolysis at concentrations 
down to 1 50,000 The two preparations were, however, identical m their effects 
on the growth of L casei Since more of preparation 1070 was available, it was 
used for most of the experiments 

Stock cultures of L casei were earned by weekly transfer m a medium con- 
sistmg of 1 per cent yeast extract, 1 per cent glucose, 0 5 per cent peptone, and 
1 5 per cent agar The synthetic media used for the experiments and the method 
of inoculation were essentially those of Landy and Dicken (1942) shghtly modified 
(Trager, 1947) The experimental cultures were meubated at 37 C for 4 days 
Growth was measured by titration with 0 1 n sodium hydroxide 
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RESULTS AND DISCUSSION 

In a medium contaimng suboptimal amounts of biotm but an excess of all the 
other essential growth factors, lysolecithin inhibits the growth of Laclchacillus 
caset Increasmg the concentration of biotin counteracts the inhibitory effect 
The results of a typical experiment are shown m figure 1 Lysolecithin and 
biotm, though structurally unrelated, behave toward each other like competitive 
metabohtes, at least so far as the growth of L caset is concerned A number of 
instances of competition of this type between structurally dissimilar compounds 
have been previously reported (Woolley, 1947) It is possible to calculate a 
molar inhibition index (ratio of moles of inhibitor [lysolecithin] to moles of metab 



Figure 1 The inhibitory efifect of lysolecithin on the growth of Laclohacillus casei in tho 
presence of different concentrations of biotm 


ohte [biotin] which will just prevent growth) for the antagomsm between lyso- 
lecithm and biotm This mdex has vaned m different experunents between 
50,000 and 100,000 For example, m the exTieriment shown in figure 1, 20 /ig 
of lysolecithin just prevented growth in the presence of 0 1 myg of biotm, while 
80 fig of lysolecithin were effective against 0 4 mpg of biotm In both cases the 
molar inhibition ratio is 100,000 In another experiment almost complete inhi- 
bition of growth was obtamed by 16 pg of lysolecitbm m the presence of 0 1 
of biotm and by 30 pg m the presence of 0 2 mpg of biotm, the molar inhibition 
mdex being 75,000 However, if the biotm of the medium was replaced by 
vanous appropnate concentrations of either oleic acid (USP) or FSF from h>- 
drolyzed horse plasma, lysolecithm had a small growth-stimulating effect Tins 
result IS well illustrated by the experiment shown m figure 2 Note that whereas 
50 or 60 pg of lysolecithm almost completely prevented grow th m the presence 
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of 0 3 mpg of biotm, the same concentration or even ten tunes as high a concen- 
tration of lysolecitlim stimulated growth m the presence of concentrations of 
FSF or oleic acid of roughly similar biotm activity This experiment incidentally 
illustrates the fact that although FSF, like certain esters of oleic acid (Williams 
and Fieger, 1947), gives a response curve which almost parallels that with biotm, 
oleic acid gives an appreciably lower curve, probably because of its greater toxic- 
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Ptgwe S The growth response of Lactobacillus casei to biotm, oleic acid, and FSF, and 
the effect of lysolecithin in the presence of each of these 


ity The stimulatory effect of lysolecithin m the presence of FSF or oleic acid 
may be the result of a detoxification similar to that descnbed for lecithm and 
some other matenals (Kodicek and Worden, 1945) 

Although oleic acid and certam other fatty compounds can fully replace biotm 
m the nutntion of some of the lactobacilh, they cannot replace nboflavm or 
pantothemc acid In the absence of either of these growth factors, or m the 
presence of optimal concentrations of both, oleic acid and related matenals have 
no growth-stimulatmg effect But m the presence of suboptimal concentrations 
of either, they have a marked effect (Bauemfemd, Sotier, and Bowff, 1942, Strong 
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Carpenter 1942) It was therefore not surprising to find that lysolecithin 
behaved toward calcium pantothenate, as v efi as toward biotin, as a competifiie 
^bitor This could be clearly shown by usmg a medium with an e\cess of 
biotm and graded concentrations of calcium pantothenate and lysolecithin In 
this case the molar inhibition index was only 500 to 1,000 If the biotin of the 
medium was replaced by either FSF or oleic acid at optimal concentration (an 
excess could not be used smce the higher concentrations of these materials are 



Figure S The growth response of Lactobacillus casei to calcium pantothenate in media 
containing biotin or, in place of it, either oleic acid or FSF, and the effect of lysolecithin m 
each of these media 

toxic), the response curve to graded amounts of pantothenate ivas much steeper 
Moreover, under these conditions, lysolecithm had, not an mhibitory effect, but 
a shght stimulatory one These results are shown by the experiment of figure 3 
Any attempt at a complete explanation of the phenomena descnbed in the 
present paper must await a better imderstandmg of the relationship between 
biotm and the fatty matenals which can replace it in the nutation of certain 
orgamsms It seems most reasonable to suppose that biotm functions m the 
synthesis of these fatty matenals (Wilhams, Broquist, and Snell, 1947) Ljso- 
lecithm might then beha\e as a true competitn e analogue and m some manner 
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block the sjTithcsis It could have no such effect if the products of the synthesis 
were supplied in the medium In the hght of the results vuth pantothenate and 
lysolecithm it v ould be necessary to extend the argument to assume that panto- 
thenate also functions m the synthesis of the fatty matenals In any case it is 
mteresting to note that lysolecithm has been observed to have a deleterious 
effect V hen fed to rats (Iwata, 1934) This effect was prevented by the mclusion 
of 3 per cent yeast m the diet 


SUMMARY 

The growth of Lactobacilhts casci could be completely prevented by the ad- 
dition of low concentrations of lysolecithm to a medium which was complete 
except that it contained biotm m suboptimal amounts With biotm concen- 
trations up to 1 m/ig per tube, the amount of lysolecithm required to give com- 
plete inhibition vaned directly with the concentration of biotm If oleic acid or 
a fat-soluble biotm-active matenal from plasma was used m place of biotm, 
lysolecithm at concentrations up to ten tunes those found inhibitory with biotm 
had only a small growth-stimulatmg effect In a medium contammg excess 
biotm but suboptimal concentrations of pantothemc acid, growth of the orgamsm 
was inhibited by appropnate concentrations of lysolecithm Here agam, if the 
biotm was replaced by an adequate concentration of oleic acid or the fat-soluble 
matenal from plasma, lysolecithm had a slight stimulatory effect rather than an 
inhibitory one 
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There is no method available, analogous to the platmg of bacteria, by means 
of which “cultures” of influenza virus derived from a single viral particle may be 
obtained Therefore, the “purity” of some strains of that virus may depend 
upon the effectiveness of the usual methods of cultivation m separatmg mixtures 
of antigemcally different strains 

It IS evident from studies on the mterference phenomenon that different strains 
can multiply simultaneously m tissue cultures (Andrewes, 1942) and m embryo- 
nated eggs (Ziegler and Horsfall, 1944) But whether or not such mixtures 
would persist if transferred m senes is not evident from the hterature In order 
to obtam information of that sort, attempts were made to mamtam mixtures of 
influenza A and influenza B viruses by senal passage in embryonated eggs and 
m mice The present paper reports the results of those experiments 

MATERIALS AND METHODS 

Viruses The PR8 and GO strains of influenza A virus and the Lee stram 
of influenza B were used m the study 

Egg-to-egg passage Three eggs containmg 10- or 11-day-old embryos were 
used for each passage The matenal inoculated was allantoic flmd diluted 10“’ 
in stenle infusion broth to which sufficient pemcilhn had been added to provide 
50 umts per moculated dose The volume of the inoculum was always 0 15 ml 
and was mtroduced into the allantoic sac The moculated eggs were meubated 
for 55 to 65 hours at 35 C, and were chilled before the allantoic flmds were har- 
vested Passage was made with the flmd m which the ratio of influenza B to 
influenza A virus was nearest umty, as detenmned by agglutmation-inhibition 
tests 

Identification of virus in infected allantoic fluid The identity and concen- 
tration of the virus or viruses present m the allantoic flmds were detenmned by 
agglutination inhibition tests Serial 2-fold dilutions of each flmd were made m 
triplicate m 0 2-ml quantities, to each tube of one senes were added 0 2 ml of 
anti-influenza serum (A or B), or sahne, and 0 2 ml of a 1 per cent suspension of 
chicken erythrocytes The contents of the tubes were mixed and the pattern of 
the sedimented cells was noted after 1 hour at room temperature The anti- 
serums were used m an imtial dilution of 1 75, in that dilution they were suffi- 
ciently potent to inhibit agglutination by low dilutions of the homologous virus 
but had httle effect upon the capacity of the heterologous virus to agglutmate 
the cells 


* This investigation was aided by a grant from the John and Mary R Markle Foundation 
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Mouse-to-mouse passage For passage, approximately 0 07 ml of a 2 5 per 
cent suspension of infected mouse lung were given mtranasally to each of 4 Sinss 
mice (3 to 5 weeks old) under ether anesthesia The lungs of one mouse, which 
either had died or was sacrificed on the fourth day after moculation, were ground 
in sufficient sterile distilled water to make a 10 per cent suspension The sus 
pension was clanfied by centrifugation, and a portion was further diluted mfh 
distilled water to a final concentration of 2 5 per cent for use as passage material 
A measured amount of the 10 per cent suspension was stored m the COs ice chest 
for later detenmnation of the identity of the virus or viruses present 

Identification of virus in infected mouse lungs The identity of the nrus or 
viruses present in the infected mouse lungs was detenmned by means of mouse 
protection tests, m which serial 3-fold dilutions of lung suspension (prepared in 
stenle distilled water containmg 10 per cent normal horse serum) were tested 
agamst constant amounts of antiserums The anti-CC and anti-Lee serums 
were used m an mitial dilution of 1 10, the anti-CC -f- anti-Lee serum vas pre- 
pared by mrang equal volumes of 1 5 dilutions of these two serums (i e , the 
mixtures contained a 1 10 dilution of each serum) The tests were terminated 
on the tenth day 


EXPERIMENTAL RESULTS 

Serial passage of a mixture of PBS and Lee viruses in erribryonaied eggs The 
origmal moculations were made with a mixture of freshly harvested allantoic 
fluids obtamed from eggs inoculated 48 hours previously with either PR8 or Lee 
virus The flmds were combined m proportions so that the resulting mixture 
contamed approximately equal amounts of the two viruses, as detenmned by 
their capacities to agglutinate chicken erythrocytes Nme egg-to-egg passages 
were made as described under Methods Since the allantoic fluids from all the 
eggs of any one passage were similar m their agglutinatmg capacities, only the 
results of the tests with the fluids used for inoculation are presented (table 1) 

The data m table 1 show that all the allantoic fluids agglutinated the erythro- 
cytes m the presence of either anti-PR8 or anti-Lee serum If that aggluti- 
nation IS evidence of the presence of the Lee and PR8 viruses, both strains not 
only were detected m each fluid but had multiplied during each passage, since 
the small amounts of moculated viruses (0 15 ml of a 10~’ dilution) were msuffi- 
cient to cause the hemagglutmation Although, in some fluids, the concentration 
of Lee virus was lower than was the concentration of PR8, it vas not an indi 
cation that the Lee was bemg elunmated That is evident from the fact that 
the allantoic fluids from the eggs used for the eighth passage had significantly 
higher Lee PBS ratios than did the matenal (seventh passage fluid) with vtach 
those eggs had been moculated Thus, it seems quite possible tliat the Lee- 
mixture might have been mamtained mdefimtely by the methods of cultivation 
used m the experiment 

Influence of strain of influenza A virus used in mixtures upon survival of ue 
virus during serial passage in emhryonated eggs Results quite different rom 
those reported m the prevnous section were obtamed from experiments in w c 
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TABLE 1 


Tho persistence of both PR8 and Lee viruses during 
serial passage in embryonated eggs 


HEUAGOLOTINATION* DV ItnCTORES OF DttnTIONS OF ALLANTOIC FLUIDS AND CONSTANT AMOUNTS 

OF ANTISESUU 


PASSAGE 

NO 


Initial 2 fold dilution of allantoic fluid 




1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0 

Anti-PR8 


++ 

++ 

++ 

+ -f- 

+ + 

0 

0 

0 

0 


Anti-Lee 

++ 

++ 

4-4- 

4-4- 

4-4- 

4-4- 

0 

0 

0 

0 


Saline 

+4* 

++ 

4-4- 

4-4- 

4-4- 

+ + 

4-4- 

4- 

0 

0 

1 

Anti-PRS 

4-4- 

4”}- 

4-4- 

4-4- 

4-4- 

0 

0 

0 

0 

0 


Anti -Lee 

++ 

++ 

4-4- 

4-4- 

H — h 

H — h 

4- 

0 

0 

0 


Saline 

4-4- 

++ 

i 

4-4- 

i ++ 

4-4- 

4-4- 

+4* 

4-4- 

0 

0 

2 

Anti-PR8 


++ 

4-4- 

4-4- 

4-4- 

4-4- 

0 

0 

0 

0 


Anti-Lee 

++ 

++ 

4-4- 

4-4- 

4-4- 

-i"+ 

4-4- 

4- 

0 

0 


Saline 

++ 

++ 

4-4- 

4-4- 

+ + 

A — h 

+ + 

4-4- 

4- 

0 

3 

Anti-PR8 

4-4- 

++ 

4-4- 

4-4- 

4-4- 

4-4- 

4- 

0 

0 

0 


Anti-Lee 

4 — 

+4- 

4-4- 

4-4- 

+ + 

4-4- 

4- 

0 

0 • 

0 


Saline 

+-t- 

4-4- 

4-4- 

+ -|- 

-1 — 1- 

4-4- 

+ + 

4-4- 

0 

1 

0 

4 

Anti-PR8 

4--f- 

4-4- 

4-4- 

4-4- 

+ + 

-h+ 

0 

0 

0 

0 


Anti-Lee 

++ 

4-4- 

4* 4- 

4-4- 

4-4- 


0 

0 

0 

0 


Saline 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

0 

0 

0 

5 

Anti-PR8 

++ 

4-4- 

4-4- 

4-4- 

4-4- 


4- 

4- 

0 

0 


Anti-Lee 

+4- 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

0 

0 


Saline 

4-4- 

4-4- 

4-4- 

i ++ 

4-4- 

4-4- 

4-4- 

4-4- 

4- 

0 

6 

Anti-PR8 

++ 

4-4- 

4-4- 

++ 

0 

0 

0 

0 

0 

0 


Anti-Lee 

++ 

4-4- 

4-4- 

i 

4-4- 

4-4- 

4-4- 

4-4- 

4- 

0 


Saline 

++ 

4-4- 

4-4- 

i +-f- 

i 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

0 

7 

Anti-PE8 

4“-t- 

4-4- 

4-4- 

0 

0 

0 

0 

0 

0 

0 


Anti-Lee 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

4- 

0 


Saline 

++ 

4-4“ 

4-4- 

++ 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

0 

8 

Anti-PR8 


4-4- 

4-4- 

4-4- 

4-4- 

4- 

0 

0 

0 

0 


Anti-Lee 

++ 

4-4- 

4-4- 

4-4- 

4-4- 

+ + 

4-4- 

4-4- 

4-4- 

0 


Saline 

++ 

4-4- 

4-4- 

4-4- 

4-4- 

+ + 

4-4- 

4-4- 

4-4- 

0 

9 

Anti-PR8 

++ 

4 — h 

4- 

0 

0 

0 

0 

0 

0 

0 


Anti-Lee 

— h 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

4-4- 

0 

0 


Saline 

++ 

4-4- 

4-4- 

4-4- 

4-4- 

+ + 

4" 4" 

4-4- 

0 

0 


* ++, +, and 0 = complete, partial, and no agglutination, respectively 


the starting matenal consisted of a mixture of the CC stram of influenza A virus 
and the Lee stram of influenza B virus The infected allantoic flmds were com- 
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bmed m proportions so that the Lee CC ratio varied, in different experiments, 
from 1 to 8 as measured by their hemagglutmating capacities In all the axpen- 
ments the allantoic flmds obtamed from eggs inoculated with the ongmal ma- 

TABLE 2 

The elimination of Lee virus from a mixture of CC and Lee viruses 
during serial passage in emhryonated eggs 

heuaggltonation* bv larrnsES of budtions of AiiAuroic noips and constant amounts 

or ANnsEEDM 


10 


0 

0 

0 

0 

0 

0 

0 

0 

0 


* ++» +, and 0 = complete, partial, and no agglutination, respectively 


NO 

Seram 

Initial 2 fold dilution of allantoic fluid 


1 

2 

3 

4 

5 

6 

7 

8 

1 ’ 

0 

Anti-CC 

++ 

^ 

++ 

4*4- 

-1- + 

4--f 

++ 

+ 



Anti-Lee 

++ 

+ + 


4-4* 

+ + 

++ 





Saline 

++ 


++ 

4*4- 

4-4* 

++ 

+ + 

+ + 


1 

Anti-CC 


^ 


4-4“ 

4-4- 

0 





Anti-Lee 

++ 

4"+ 

++ 

++ 

4-4“ 

++ 

+ + 

+ + 



Saline 

++ 

++ 

4-+ 

++ 

++ 

++ 

4-4“ 

+ + 

++ 

2 

^ti-CC 











Anti-Lee 

-1 — [_ 

4-+ 

; 

++ 

4-4“ 

++ 

-1-4* 

+ + 



Saline 





++ 

++ 

4-4- 


+ 1 


TABLES 

The persistence of both CC and Lee viruses during serial passage in mice 


THE tfUMBEE OF DEATHS* FOIiOWINO XNOCULAUON OF DECEEASINO CONCENTSAHONS OF LONG 
SUSPENSIONS PLUS CONSTANT AMOUNT OF BEEUH3 


PASSAGE 

Anti CC -t- anti Lee 


Attti CC 




Anti Lee 







Senal 3 fold dilutions of 5% luns suspension 






0 

1 

2 

0 

1 

2 

3 

4 

0 

1 

2 

3 

1 * 

1 ' 

0 

0 

0 

0 

3 

3 

1 

0 

0 

3 

3 

2 

0 



1 

0 

0 

0 

3 

3 

0 

0 


3 

3 

3 

3 

3 


2 

0 

0 

0 

3 

3 

3 

0 


3 

3 

3 

3 

3 

2 

3 

0 

0 

0 

3 

3 

3 



3 

3 

3 

3 

3 

1 

4 

0 

0 

0 

3 

3 

3 


0 

3 

3 

3 

3 

1 

0 

5 

0 

0 

0 

3 

3 

2 

2 

1 

3 

3 

3 

3 

3 

2 

6 

0 

0 

0 

0 

0 

0 

0 

0 

3 

3 

3 

3 

3 

0 

7 

0 

0 

0 

0 

0 

0 

0 

0 

3 

3 

3 

3 

3 

2 


* Three mice were inoculated with each serum-virus mixture 


tenal contamed both A and B viruses But m no mstance was Lee detcct^Ic 
by agglutination inhibition tests m the fluids from the second passage ^ 
results of one of those eiqienroents are shown m table 2 

A comparison of these data (table 2) with those contained in table 1 emphasizes 
that the expenmental results may vary with different strains of mfluenza \irU3, 
even thou^ the strams are closely related antigemcally 
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Scnal passage of a mixture of CC and Lee viruses in miee The CC and Lee 
strains of influenza virus were selected for use in the mouse transfer experiments 
because it was desned to include in the starting material an A and a B virus which 
possessed similar pathogemc properties for those animals Of the mouse-adapted 
strains that had been extensively studied m this laboratory, those two strams 
seemed most nearly to meet that requiiement 

The ongmal inoculations were made ivith material prepared by combimng a 
suspension of lungs from mice that had recently died from infection with CC with 
like material from nuce that had died from infection with Lee Seven mouse- 
to-mouse transfers were made, and the identity of the virus or viruses present 
in the infected lungs was dete rmin ed as described under Methods The results 
of the tests are shown in table 3 

It IS evident (table 3) that after 5 mouse-to-mouse transfers both CC and Lee 
virus were present m the lung suspension m as high concentrations as had been 
observed in any of the previous tests It also is evident that there was a sudden 
drop m the concentration of Lee durmg the sixth passage However, the Lee 
virus was not completely eliminated Although it is not shown m the table, 
the mice moculated with mixtures of anti-cc serum and low dilutions of test 
material from both the sixth and the seventh passages showed fairly extensive 
lung lesions when sacrificed on the tenth day of the test In contrast, mice in- 
oculated with mixtures of anti-CC -f anti-Lee serum and the same dilutions of 
the same test matenals did not show such lesions The fact that the CC-Lee 
mixture was mamtamed for at least 5, and probably 7, mouse-to-mouse trans- 
fers, seems to be of significance It suggests that some influenza viruses might 
be transferred as a mixture, m that species, for a long penod of time, if not m- 
defimtely 


DISCUSSION 

The results of the present experiments have demonstrated that some mixtures, 
composed of influenza A and influenza B viruses, could be passed m senes m 
embryonated eggs and m mice It would seem even more likely that a combi- 
nation of strains more closely related than the ones used m these experiments 
might be mamtamed as a mixture for an mdefimte number of transfers In that 
event the mixture would be designated as a “stram ” The antigemc pattern of 
such a “stram” would be a composite of antigemcally different particles and a 
shift m the relative proportions of the component antigemcally different particles 
would be reflected as a change m the antigemc composition of the “stram ” 
That such a shift can occur foUowmg propagation m different host species nught 
be mdicated by the results of the present experiments with the CC and Lee 
viruses, although the same starting matenal was not used for the two expen- 
ments, those viruses were mamtamed as a mixture for at least 5, and probably 7, 
mouse-to-mouse transfers (table 3), but the CC virus quickly elmunated the Lee 
from the mixture durmg senal passage m eggs (table 2) 

It is possible that most if not all of the strains of influenza virus are antigemc- 
ally “pure ” But, it also is possible that m some instances the matenals from 
which the various influenza viruses have been obtamed may have contamed 
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antigemcally different strains, particularly if the starting material consisted of 
pooled specimens from two or more patients, because it has been shoiro (Iilagill 
and Sugg, 1943) that antigemcally different strams may occur m the same out- 
break In addition, the danger of laboratory contammation is always present 
Therefore, it would seem highly desirable that more definite evidence of “puritj ” 
be obtained, especially m the ease of those strams used for expenmenfs 
on vanation 

The successful transfer of the PRS-Lee mixture m embryonated eggs is of 
additional mterest in view of the results of experiments published by Henle, 
Henle, and Rosenberg (1947) Those authors reported that the mtenml between 
the moculation of virus into the allantoic sac and the first release of virus by the 
mfected cells was a little more than 6 hours in the case of PRS, but was a little 
more than 9 hours in the case of Lee The shorter “growth cycle” for PRS 
suggests that Lee virus should have been speedily eliminated from the PR8-Lcc 
mixture But m our experiments (table 1) the Lee virus was not elumnated, ei en 
after 9 egg-to-egg transfers Thus, one might question whether or not the PRS 
and the Lee strains used m Henle’s laboratoiy were identical with the PRS and 
the Lee strams used m our laboratory 

SUMMARY 

It was found that mixtures of some strains of influenza A and mfluenza B 
xnruses could be passaged in senes m embryonated eggs and m mice In new 
of those results, it would seem likely that a combination of more closely related 
strains might be maintained indefimtely by the usual methods of laboratoiy 
cultivation The data, therefore, raise the question of whether or not all strains 
of mfluenza virus are antigemcally “pure,” and indicate the desirability of ob- 
taimng more defimte evidence of “punty” in the case of strams to be used in 
experiments on vanation 
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Streptomycin resistance is usually manifested by growth either in the presence 
of streptomycin oron its absence Resistant variants generally are similar, mor- 
phologically and biochemically, to the parent sensitive strain (Miller and Bohnoff, 
1946, IMurray ct al , 1946) Some differences, such as alteration in motility and 
changes in grovdh rate and in biochemical reactions, have been reported, but 
these have been inconsistent (Graessle and Frost, 1946, Klein and Kimmelman, 

1946, Murray ei al , 1946, Petroff and Lucas, 1946, Sehgmann and Wassermann, 

1947, Stubblefield, 1947) Streptomycin-resistant organisms have ordinarily 
been obtained in vilro by repeated subculture in increasing concentrations of this 
antibiotic (Chandler and Schoenbach, 1947, Miller and Bohnhoff, 1946, Murray 
ct al , 1946, Price ei al , 1947, Sehgmann and Wassermann, 1947), though the oc- 
currence of a few very resistant organisms in a large inoculum of sensitive ones 
on imtial exposure to streptomycm has been described in the case of Shigella 
(IQein, 1947), Escherichia coli (Clark and Rantz, 1947, Idem, 1947), Staphylo- 
coccus aureus (Idem, 1947), Staphylococcus albus (Idem, 1947), Proteus vulgaris 
(Idem, 1947), Hemophilus influenzae (Alexander and Leidy, 1947), meningo- 
coccus (Miller and Bohnlioff, 1947a), and Mycobacterium tuberculosis (Vennes- 
land, Ebert, and Bloch, 1947) 

In the case of the menmgococcus, Miller and Bohnhoff (1947o,6) described 
another t3T)e of resistant variant which apparently required streptomycm for 
growth More recently a variant of Bacillus subtilis which requires streptomycm 
for growth has been reported (Kushnick et al , 1947) A possible stimulatmg 
effect of streptomycm on growth has been noted in the case of streptomyem- 
resistant strains of Brucella (Hall and Spink, 1947), Escherichia coli and Pseudo- 
monas aeruginosa (Kushnick ei al , 1947), and tubercle bacilli (Vennesland, Ebert, 
and Bloch, 1947) An mcreased mortality rate of mice infected with typhoid 
bacilli and treated with small doses of streptomycin has been reported (W elch. 
Price, and Randall, 1946) Suitable low concentrations of penicillin and strepto- 
mycm stimulated growth of many sporeformers, especially Bacillus megatherium, 
and also S aureus and Streptococcus agalacliae (Curran and Evans, 1947) 
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In a preliminary report from this laboratory (Pame and Finland, 1948) the 
denvation of streptomycin-resistant and streptomycin-dependent vanants from 
several streptomycm-sensitive species of bactena was noted Further details of 
this mvestigation are given here 

MATEEIALS AND METHODS 

Defimhon The parent strains used to obtain the vanants under study were 
considered to be “sensitive” to streptomycin Their growth was completely 
mhibited by concentrations of 100 [tg or less of streptomycin per ml of broth in 
the usual tube dilution test for sensitivity “Resistant” strams were those that 
multiplied equally well m the presence of high concentrations of streptom 3 Tm 
and m its absence "Dependent” strams were those that multiplied only in the 
presence of streptomycm, the amount that was reqmred vaned with the (hfferent 
orgamsms 

Media and antibiotics The broth used throughout these studies was brain 
heart infusion broth, pH 7 2 (Difco), and the agar was heart infusion agar (Difco) 
Various lots of streptomycm hydrochlonde (Merck) and streptomycin calcium 
chloride complex (Merck) as available commercially were used, the amounts 
bemg recorded m terms of the streptomycm base Crystalhne penicillin G, po- 
tassium salt, was obtamed from Commercial Solvents Corporation The baci- 
tracin was a crystalhne preparation provided by Dr Frank L Meleney and 
contamed 5,000 units (Johnson, Anker, and Meleney, 1945) per vial A pun- 
fied preparation of polymyxm containmg 1,800 E coli umts (Stansly, Shepherd, 
and White, 1947) per mg was provided by Dr Y SubbaRow of the Lederle 
Laboratones 

Isolation of resistant and dependent vanants Each orgamsm, previously un 
exposed to streptomycm, was grown overnight m broth, 10 ml of the culture were 
then centrifuged at 2,000 rpm for 30 mmutes, the supernatant was decanted, 
and the sediment was suspended m 0 6 ml of salme One-tenth ml of this sus- 
pension was used for bactenal counts m agar pour plates, and the rest was spread 
evenly over the surface of an agar plate contaimng 1,000 pg of streptomycm per 
ml of agar The plate was meubated, without inverting, at 37 C for 3 to 5 days, 
and any colomes which appeared in that time were subcultured on plain agar 
plates and on plates contaimng graded concentrations of streptomycin 

Growth curves A senes of tubes contaimng graded concentrations of strepto- 
myem m 10-ml amounts of broth were each inoculated with 0 1 ml of a lO"* 
dilution of an overnight broth culture The dependent vanant was always grown 
m broth containmg 1,000 pg of streptomycm per ml pnor to its inoculation into 
the growth curve tubes The tubes were meubated at 37 C, and aliquots were 
removed at varymg mtervals for agar pour plate counts of viable bactena 
Counts of the dependent vanants were made both m streptomycm-frcc agar an 
m agar containmg 1,000 pg of streptomycm per ml 

Sensitivity determinations The sensitmty of these bactena to antibiotics WM 
tested by a tube dilution method (Finland et al , 194G) utilizing 0 5-ml arooun s 
of serial broth dilutions of the antibiotic to which were added similar volumes of 
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a 10“^ dilution of an overnight broth culture of the test organism (usually con- 
taimng 50,000 to 100,000 organisms) The sensitivity, m each instance, was 
defined ns the minimum concentration in winch no growth occurred after 24 to 
48 hours’ incubation at 37 C m the antibiotic-contammg broth and after another 
subculture for 24 hours on antibiotic-free agar Tests with the dependent van- 
ants were always conducted in media contaimng 1,000 /ig of streptomycin per ml 

Biochemical reactions Fermentation tests on various sugars and other bio- 
chemical tests were made on all strains For the dependent variants, 1,000 (ig 
of streptomycm per ml were included m all the test matenals 

RESULTS 

Isolation of variants Streptomycm-resistant and streptomyem-dependent 
variants were isolated from sensitive strams of Staphylococcus aureus, Eschenehia 
coll, Proteus morgam. Pseudomonas aeruginosa, and Klebsiella pneumoniae The 
mcidence of resistant and dependent variants in these bactenal populations which 
had not been previously exposed to streptomycm ranged from 1 m 2 bilhon to 1 
in 400 bilhon organisms The readmess with which these variants appeared 
differed considerably, they were obtained quite regularly from 2 strams each of 
S aureus, P morgam, and K pneumoniae, but only from 1 of 4 strains of E coli 
and from 1 of 3 strains of P aeruginosa A statistically vahd assay of the mci- 
dence of resistant and dependent variants is not possible on the basis of the 
number of experiments conducted thus far 

Following an mitial exposure of an apparently sensitive stram to 1,000 pg of 
streptomycm per ml of agar, some colomes appeared which on subculture proved 
to consist entuely of highly resistant orgamsms These orgamsms remamed 
resistant on subsequent subcultures both m the presence and m the absence of 
streptomycin 

Evolution of the dependent variants occurred m a different maimer The 
“dependent” potentiahties of a smgle colony developmg from the mitial exposure 
of a sensitive stram to a high concentration of streptomycm was determmed by 
subculturmg a sahne suspension of the entire colony on a series of agar plates 
containing graded concentrations of streptomycm K the colony contained de- 
pendent orgamsms, there was a predonunance of growth on the agar plates with 
the higher concentrations of streptomycm However, there was usually shght 
growth m the lower concentrations of streptomycm or even m its absence After 
one or more subcultures from the plates contaimng the higher concentrations of 
streptomycm m which growth had been most vigorous, it was possible to obtain 
strains that would not grow m the absence of streptomycm, that is, “pure” 
dependent strams 

The nature of the orgamsms m the predommantly dependent colomes which 
grew, though sparsely, in the lower concentrations or m the absence of strepto- 
mycm was of mterest On subculture, these orgamsms behaved as predomi- 
nantly sensitive bacteria Thus, isolation of “pure” dependent strains mvolved 
selective subculture usmg the higher streptomycin concentrations m which 
growth had occurred, m order to eliminate the sensitive orga nisms with which 
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the dependent vanants were associated A protocol showing the denvation of 
<5 aureus vanants is given m table 1 


TABLE 1 

Derivation of variants of Staphylococcus aureus 


CO\CEVrEAlION OP SXSEPTOJlyCD., /to PEE UL OP AOAE 



I 1,000 

1 100 

1 « 

1 fij 

1 31 

1 1^ 

1 0 

Initial subculture 

SI 

+++» 

+-l-b 

H — 1-+ 

4") — h 

4-4-4- 

4-4-4- 

-b-b-b'' 

S2 

+++<^ 


+++ 

4- 

4- 

6 

gb » 

S3 

+++■' 

d — 1 — f- 

+++ 

4- 

6 

4 

S'- 

Second subculture 

Sla 

+++ 

+++ 

-h-f-f- 

4-4-4- 

-f— f--f- 

4--f"f- 

-b-b-f 

Sib 

+" 1 — h 

++-f 

-h-h-h 

4-4-4- 

4-4-4- 

4-4-4- 

4-4-4 

S2a 

+++ 


++-}- 

4- 

0 

0 

0 

S2b 

S'* 

+ 

-h-t 

4-4-4- 

4-4-4- 

-b4--b 

444* 

S2c 

1' 

+ 

++ 

-| — h-h 

-h4-4- 

-b' ) — b 

444‘ 

S3a 

+++ 

+ d — h 

+"! — t- 

4- 


0 

0 

S3b 1 


5» j 

+ i 

-1 — ! — h j 

I -}— b-t- 1 

-1 — i — b j 

444'* 

Third subculture 

S2d 

+++ 

+++ 

+-1-+ 

1 

^ 0 

0 

I 0 

S2e 

!*> 

5 

++ 

4-4-4- 

4-1-4- 

4-4-4- 

444' 

S2f 

++-1- 

+++ 

++•+• 

4-4- 

4-4- 

4- 


S2g 

0 


+ 

4-4-4- 

4-4-4- 

4-4-4- 

444 

S3c 

0 

+ 

+4- 

4-4- 

4-4-4- 

-b-b-b 

444 

S3d 

0 

3 

+ 

4-4- 

4-4-4- 

4-4-4- 

444' 

Fourth subculture 



+++ 

+++ 

4-4-4- 

4-4-4- 

4-4-4- 

444 

S2j 

0 

5 

++ 

4-4-4- 

4-4-4- 

-b-b-b 

444 

S3f 

0 

0 

6 

4-4-4- 

4-4-4- 

4-4-4- 

444 


Each plate was inoculated with a 2-inin loopful of an emulsion of a single colony in 02 
ml of sahne 

The colomes SI , S2, and S3 were picked from an agar plate containing 1 ,000 pg of strcpto 
mycin per ml of agar on which the parent sensitive strain was exposed to streptomycin for 
the first time 

The letters indicate colonies picked from the different plates 

-f- 1 -+, ++, +, and 0 indicate amount of growth on the surface When only a few 
isolated colomes appeared, their numbers are indicated 

Dependence upon streptomycm was not neariy so pennanent a characteristic 
as that of resistance to the antibiotic When grovm in suboptimal concentrations 
of streptomycm, orgamsms rapidly reverted from the "dependent” t-o the sensi- 
tive and sometimes to the resistant state 

Colony characteristics and morphology When grown under optimal conditions, 
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there were usually no differences in the colonial appearance of the sensitive, 
resistant, and dependent strains of the same orgamsm In the case of Proteus, 
however, the resistant and dependent variants showed less tendency to swarm 
than did the parent sensitive strains 

Microscopically, the sensitive strains showed only shght alteration from the 
normal appearance when groivn m sublethal amounts of streptomycin This was 
also true of the resistant variants grown either m the presence or m the absence 
of the antibiotic On the other hand, the dependent vanants showed marked 
pleomorphism when cultured m suboptimal concentrations of streptomycm 
The dependent Staphylococcus, under these circumstances, exhibited great van- 
ation m the size of the cocci, some appearmg greatly enlarged Dependent 


PROTEUS MORGANI 



Figure 1 Representative ^owth curves of a sensitive strain of P morgam and its resist- 
ant and dependent variants in broth containing graded concentrations of streptomycin 

vanants of gram-negative bacilh grown m suboptimal amounts of streptomycm 
showed long filamentous structures This was particularly stnkmg m the case 
of the dependent Proteus, which also showed the presence of bulbous, fusiform, 
and densely stamed swellmgs along the shafts of some of the filaments No such 
forms were noted when any of the dependent variants were grown m optimal 
concentrations of streptomycm 

Growth curves These were conducted with all of the organisms and their 
vanants There were several characteristics common to the vanants of all of 
the different orgamsms studied The curves for the Proteus vanants depicted 
m figures 1 and 2 will serve as examples 

Sensitive strains grown m sublethal amounts of streptomycm showed a 
progressive mcrease m the lag period as the concentration of the antibiotic was 
mcreased Though not shown m figure 1, this progression was demonstrable 
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■vrath graded concentrations below 12 5 ug per ml of streptomycin m the case of 
the sensitive Proteus 

The resistant variants grew equally nell m plam broth and m concentrations 
of streptomycm up to 1,000 ng per ml In concentrations of 10,000 to 50,000 
fig per ml there was usually some inhibition of the rate of growth of the resistant 
strams 

Dependent variants, except m the case of E coli, apparently did not multipl}' 
m the absence of streptomycin or m very low concentrations of the drug ^The 
dependent coh m broth contammg no streptomycin showed shght initial multi- 



Fxgure S Growth curves of the dependent strain of P morgani Each pair of curves 
represents the counts from the same tube of broth poured simultaneously in agar with and 
without streptomycm 

plication, but growth was not mamtamed and the organisms soon disappeared 
m a fashion similar to the dependent Proteus shown m curve A, figure 1 All of 
the dependent strains showed a stepwise increase m the rate of growih, or 
shortemng of the lag penod, m mcreasmg concentrations of streptomycm 
Maximum rates of growth were achieved in the range to 500 to 1,000 pg per ml 
Some inhibition of the rate of growth of the dependent variants occurred in 
verj' high concentrations of the antibiotic (curve H m figure 1) The dependent 
Staphylococcus occasionally failed to grow in a concentration of 20,000 pg of 
streptomycm per ml The maximum rates of growth of both the resistant and 
dependent variants were usually less rapid than the maximum rate of growth 
of the correspondmg parent sensitiv e strams 
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Certain other properties of the dependent vanants are illustrated by the 
cuia es shown m Bgure 2 In this instance the sohd lines represent the colony 
counts in agar containing 1,000 /ig of streptomj cm per ml, and the broken Imes 
depict colony counts from the same tube of broth poured simultaneously m agar 
contaimng no antibiotic In each tube in which vigorous growth of the de- 
pendent orgamsm took place organisms appeared m the pour plates both with 
and without streptom}’'cm Colonies appearmg m the plam agar plates prob- 
ably did not represent dependent orgamsms growmg m the small amoimt of 
streptomycin earned over from the broth tubes, smee these concentrations were 
madequate for that purpose 

From the tubes contaimng the higher concentrations of streptomycm the 
colomes which appeared m the plam agar pour plates never approached m num- 
bers those appearmg sim ultaneously m the streptomycm agar pour plates On 
the other hand, m the lower concentrations (6^ to 50 per ml) the colonies 
which appeared m the plam agar plates usually approached m numbers those 
appearmg at the same time m the streptomycm agar plates and sometimes 
exceeded them 

Studies with smgle colomes from plates poured after 25 dajrs’ mcubation of the 
broth tubes showed that the orgamsms from the 62- and 25-/ig-per-ml tubes 
were now largely sensitive bactena, the colomes from the 50-/jg-per-ml tube 
consisted largely of resistant organisms, whereas those from the tubes contaimng 
100 and 1,000 ;ig per ml were still predominantly dependent Thus, m the case 
of the dependent Proteus reversion from the dependent to the sensitive state 
occurred after prolonged mcubation m the presence of 6 2 or 25 pg of strepto- 
mycm per ml, and resistant organisms emerged m the presence of 50 pg per ml 

It seems likely that vigorous growth of the dependent strains was accom- 
pamed by the appearance of sensitive vanants In general, when this occurred 
m the presence of high concentrations of streptomycm, further growth of the 
sensitive vanants was suppressed, but when this took place in low concentrations 
of the antibiotic, multiphcation of the sensitive vanants was possible and either 
sensitive or resistant strains seemed to emerge When vigorous growth of the 
dependent strains did not take place, as m the very low concentrations of strep- 
tomycm, neither sensitive nor resistant vanants appeared 

Biochemical reactions Study of the fermentation of vanous carbohydrates, 
the production of mdole, ammoma, hydrogen sulfide, and acetom, mtrate re- 
duction, citrate utilization, hquefaction of gelatm, hemolytic and coagulase ac- 
tivity, pigment production, and motihty disclosed no differences between the 
sensitive bactena and their derived resistant and dependent vanants m most 
instances Two sensitive strains of K 'pneumoniae fermented dulcitol with the 
production of gas, whereas their resistant and dependent vanants did not ferment 
dulcitol A sensitive stram of K pneumoniae, type C, uniformly showed capsu- 
lar sweUmg and clumpmg with homologous rabbit antiserum, its resistant van- 
ant showed capsule sweUmg and clumpmg of only some of the organisms, whereas 
the dependent vanant exhibited neither swelhng of the capsules nor clumpmg 
m the presence of the antiserum 
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Sensitivity to other antibiotics In table 2, are sbouu the results of senslt)^^t} 
deteimmations conducted with the 3 variants of each of the organisms against 
pemcilhn, bacitracin, and polymyxin There were only minor differences in 
the sensitivity of the three variants of each organism to these antibiotics 
Effect of streptomycin inhibitors Cysteine hydrochloride and senucarbizide, 
two substances w'hich inhibit the action of streptomycm on susceptible bacteria, 
also interfered with the utilization of this antibiotic bj’’ the dependent variants 
Critical concentration of streptomycin As previously noted (Paine and Fin- 
land, 1948), growth ceased in the case of both the sensitive and dependent strains 

TABLE 2 


Sensiiiitly to other anithiohcs of variants sensitive to, resistant to, and dependent upon 

streptomycin 


ORGANISir 

VAKlAin* 

iHNIUtJlI CONCEMBATION FOR COSIFLETE UTOIBITION 
UNITS FER Mt 

PcniciUm 

Baatraan 

Poljrmjun 

Staphylococcus 

Sensitive 

0 125 

1 0 

>450 

anreus 

Resistant 

0 125 

1 0 

>450 


Dependent 

0 031 

0 125 

225 

Escherichia 

Sensitive 1 

39 

500 

0 OIC 

coll 

Resistant 

39 

500 

0 016 


Dependent 

39 

500 

0 031 

Proteus morgani 

Sensitive 

1,250 

500 

>450 


Resistant 

1,250 

500 

>450 


Dependent 

625 

i 

500 

SO 

Pseudomonas 

Sensitne 

>10,000 

>500 

1 0 

aeruginosa 

j Resistant 

>10,000 

>500 

2 0 


Dependent 

5,000 

>500 

1 0 

Klebsiella 

Sensitive 

78 

200 

2 0 

pneumoniae 

Resistant 

39 

50 

0 125 


Dependent 

39 

100 

0 25 


of the same orgamsm at about the same concentration of streptomycin This 
was true for S aureus, E coli, P aeruginosa, and P morgani The same 'v as 
true also of K pneumoniae, growth of its parent sensitive strain vas inhibited 
nv 3 1 fig of streptomycm per ml, and this was the minimum concentration sup- 
porting grou-th of its dependent vanant 

DISCUSSION 

The most mdely accepted explanation for the ability of microorganisms to 
survii e m unfavorable concentrations of chemotherapeutic or antibiotic 
IS that it results from the selection of chance mutants v Inch can sun n c in n 
emironment (Alexander and Leidys 1947, Demerec, 1945, Klein an umnie 
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m'ln, 1946, Luni, 1947, ]\Iiller and Bolinlioff, 1947o,5) The present observa- 
tions, like those of Miller and Bolinhoff (1947a,5) vith the meningococcus, show 
that the ability of certain bacteria to survive exposure to an ordinarily lethal 
concentration of streptomycin is due to the appearance of vanants which possess 
either of two characteristics (1) independence of streptomycin activity, more 
commonly loiown as resistance to streptomycin, or (2) dependence upon strep- 
tomycin for growth The first trait seems to be a relatively permanent one and 
apparently involves the entire progeny of the resistant orgamsm once it appears 
It thus more nearly fulfills the usual cnteria of a mutant This resistance, 
however, is not completely permanent m every mstance since reversion to a 
sensitive status has been recorded m the case of certam streptomycm-resistant 
organisms w'hen they wnre subcultured many times m the absence of the anti- 
biotic (Murray, Wilcox, and Finland, 1947) 

Dependence upon streptomycin appears to be a much more labile trait than 
resistance to this antibiotic In this respect the dependent variants studied m 
this laboratory varied considerably from the dependent strains of memngococci 
described by IMiIler and Bohnlioff (19475), m w'hich there apparently was httle 
tendency for a change from the dependent state All of the dependent vanants 
studied here were found, durmg growdh m broth, to give rise to orgamsms which 
would grow in the absence of streptomycm The evidence suggests that the 
dependent vanants give rise only to streptomycm-sensitive orgamsms The 
latter, m turn, if given the oppoitunity to multiply m sublethal amounts of 
streptomycm, may then give rise to resistant strams Reversion from the 
dependent state took place only dunng multiplication of the organisms Muta- 
tions directly from the dependent to resistant strains or the reverse may occur, 
but the present observations do not favor such possibihties 
The present findmgs suggest that dependence upon and sensitivity to strepto- 
mycm may be closely related phenomena (1) Both sensitive and dependent 
organisms were demonstrated m the same “predommantly dependent” colony 
which appeared followmg the mitial exposure of the sensitive stram to strepto- 
mycin (2) The dependent vanants seem to give rise only to sensitive organisms 
under appropriate conditions (3) The same concentration of streptomycm 
which completely mhibited the growth of the parent sensitive strain seemed 
necessary for growth of its dependent vanant No such relationships could be 
demonstrated in the case of the resistant variants 
The exact mechamsm by which streptomycm exerts its antibacterial effect is 
not known Assummg that it is effective agamst sensitive orgamsms by block- 
ing some essential metabolite or enzyme system, it seems to be more than mere 
comcidence that approximately the same concentration of streptomycm which 
inhibits growth of the sensitive stram becomes necessary for growth of the 
dependent variant of the same stram Is the origmal essential metabobte now 
replaced by some moiety of the streptomycm molecule which can be utilized m 
its place? In the case of the resistant vanants, they grow mdependently of 
the presence or absence of streptomycm It would seem, therefore, that an 
alternative mechamsm or system exists in the resistant variant which functions 
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m the place of the metabohte or enzyme system that is blocked by streptomjciD 
in the sensitive stram 

Another change -which appears in both the dependent and resistant lanants 
is that they grow at a slower rate than their parent sensitive strain This is an 
mterestmg mutational character similar to the slower growth rates described in 
the case of certam phage-resistant variants (Luna, 1946) This slover groirth 
rate of the resistant vanant may explain why it is not normally encountered 
until the more rapidly gro-wmg sensitive organisms are inhibited by strep- 
tomycin 

Consistent biochemical differences between the sensitive, dependent, and re- 
sistant vanants of the same orgamsms were not encountered except m the case 
of K 'pneumoniae Similar changes were previously noted m resistant strains 
of this organism (Murray et al , 1946) The differences m sensitivity to other 
antibiotics of some of the three vanants are not explamed 
The pleomorphic forms of the streptomycm-dependent vanants grown m sub- 
optimal amounts of streptomycm were similar to those observed by manj 
workers when organisms were gro-wn imder unfavorable conditions (Dienes, 
1947, Gardner, 1925, 1945, Gay and Clark, 1937, Shanahan, Eisenstark, and 
Tanner, 1947, Tunmcliff, 1939, Walker and Murray, 1904, Wyckoff, 1933, 1934) 
Miller and Bohnhoff (19476) have pomted out that one cannot be certam that 
their dependent vanants were actually dependent on streptomycin itself and 
not on some impunty However, other bactenal and fungal mutants have been 
descnbed that have undergone marked transformations m their growth require- 
ments For instance, Kohn and Hams (1942) were able to denve a methiomne- 
requinng vanant of E call by subcultunng the parent stram m a medium con- 
taimng sulfanilarmde and certam ammo acids A stram of Neurospora requiring 
sulfanilamide for growth has been descnbed (Emerson, 1947) and stimulation 
of growth of P aeruginosa and Alcahgenes jaecalis by sulfamlannde has been 
observed (Lamanna, 1942) 

SUMMARY AND CONCLUSIONS 

Streptomycm-resistant and streptomycm-dependent vanants have been ob- 
tamed from streptomycm-sensitive strains of Staphylococcus aureus, Eschmcha 
coll, Proteus morgani. Pseudomonas aeruginosa, and Klebsiella pneumoniae 
The gro-wth charactenstics, morphologic features, and certain biochcmiw 
reactions of these orgamsms and of their denved vanants have been descnbed 
The endence suggests that resistance to streptomycm is a relatively perma- 
nent trait, whereas dependence upon streptomycm is a readily reversi e 
phenomenon 
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A senes of reports from this laboratory has established the folloiving (1) The 
requirements for groiiUi of a strain of Clostridium teiam ongmally obtained from 
the Division of Laboratones, New York State Department of Health, have been 
quite accurately defined (Mueller and Miller, 1942) (2) By making use of 

the information so obtained, the production of tovin on a “peptone-free,” though 
by no means “synthetic,” medium has been accomplished (Mueller and Miller, 
1943) (3) Under these conditions the yield of toxin was sharply dependent 

upon the careful adjustment of Fe concentration at a very low level This toxin, 
although formed m relatively poor titer, has been converted to toxoid, and the 
latter has been shomi to be an adequate antigen m both animals and man (Muel- 
ler, Seidman, and Miller, 1943o, b) (4) Attempts at increasmg the potency of 
the toxin by modification of the medium within the known framework of its 
constitution failed (5) Substitution of a hog stomach autolysate medium 
(MueUer and Miller, 1945) for the peptone-free medium revealed a completely 
altered relationship of toxin formation to iron concentration in that high yields 
of toxm were obtained in the presence of an excess of Fe (6) A tryptic digest 
of casein supplemented by cystme and tyrosine would replace the hog stomach 
autolysate (Mueller and Miller, 1947) (7) Toxm obtainable under these condi- 

tions was many times more potent than that produced on a “peptone-free” 
medium at low and controlled iron concentration and flocculated promptly and 
sharply with antitoxin at or near the neutral point It was readily convertible 
to toxoid, and the latter was a satisfactory antigen (Mueller and Miller, 1945) 

Maximum titers of toxm were obtained only on a small scale, i e , m 20 ml 
of medium m 6-by-f-inch tubes, the production scale generally was 30 to 60 per 
cent of the level reached in smaller quantity This may be due in part to tem- 
perature effects (Mueller and Miller, 1948), m part to differences m the degree 
to which gaseous products of growth (CO 2 and H 2 S) diffuse away from the cul- 
ture (MueUer, MiUer, and Lemer, 1948), and possibly m part to other still un- 
defined factors 

Fundamentally, our continued mterest in the problem is to attempt the chemi- 
cal defimtion of the components of the culture medium that are essential for 
high toxm production under the conditions specified above A complete acid 
hydrolysate of casein, supplemented by those ammo acids in which it is known 
to be deficient, will not replace the tryptic digest It therefore appears that 
one or more chemical structures or linkages which are destroyed by heatmg 
with acid must be concerned Possibly these are peptides, and an elucidation 
of their nature may relate the requirements of the tetanus baciUus to those of 

^ Aided by a grant from the Commonwealth Fund 
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Other forms of hfe, thus yieldmg information of general biological importance 
For example, Sprmce and Woolley’s (1945) strepogemn may be mvolved Again, 
the somewhat more complex requirements descnbed by Adams and others (1947) 
for toxm production by Clostridium welchii, and the observations of Womack 
and Rose (1946) on enhanced growth of rats when fed the products of trjTitic 
digests of protem, pomt to the existence of a nutritional phenomenon of general 
sigmficance For these reasons considerable effort has been expended in at- 
tempts designed to isolate and identify the chemical substances that are con 
cerned in the production of high levels of tetanus toxin Although the work is 
far from completion, it appears that enough information has been gained to 
warrant prehmmary presentation, especially because of the possibility that some 
of the results and methods may be found useful by others concerned with similar 
problems 

GENERAL METHODS 

A basic mechum of the followmg composition is used as the positive control 
m each experiment, and this medium, with the tr 3 T)tic digest of casein omitted 
but containmg 1 mg of tryptophan, may serve as the negative control The 
latter is now usually onutted since growth is mvanably sparse, and no toxin is 
formed which is detectable by flocculation 

For 20-ml quantities of medium 


Double strength beef heart infusion (1) 

5 0 ml 

Tryptic digest of casein (2) 

300 mg 

Glucose 

0 15g 

Cystine (3) 

2 6 mg 

Tyrosine (4) 

10 mg 

NaCl 

05 g 

Salts (5) 

0 6 ml 

Phenol red 0 2 per cent 

0 05 ml 


(1) Minced beef heart muscle is suspended in an equal weight of water, 
brought to an active boil while stirrmg, strained through cheesecloth, and stored 
m the cold room after bemg saturated with chloroform 

(2) A preparation made according to the method of Gladstone and Fildcs 
(1940) has proved satisfactory It is more convement to use one of the com- 
mercial powders now available, and our expemnents have been earned out for 
the most part with two products of the Shefiield Farms Company ‘ pepticase 
and “N-Z-case ” It should be noted that one batch of the former was complete!} 
useless, for reasons which we could not detennine, although all others tested avc 
given uniformly good results 

(3) Added from a 1 per cent stock solution m 2 per cent HCl 

(4) As m (3) and required only if tyrosme has largely crystalbzed out of tlie 

digest and been discarded 

(5) Stock solution 

NajHPO. 

KH^P04 
MgSO. 7H.0 
Water to 100 ml 


2 Or 
07r 
0 2c 
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To the ingredients of the negative control contained in a senes of 6-by-f-inch 
tubes with pointed ends (for centrifuging) are added those substances or frac- 
tions which are to be tested as replacements for the whole tryptic digest The 
pH is adjusted to 7 0 to 7 2 ivith HCl or NaOH, the volumes are brought to 
20 ml until water, and 5 to 10 mg of reduced iron powder (Merck) are added to 
each tube After being covered ivith glass caps, the tubes are sterilized for 
20 minutes in flounng steam (100 C) and cooled in water, the glass caps are re- 
placed with stenle cotton plugs, and the tubes are inoculated with 0 1 to 0 2 ml 
of a 24-hour broth culture of C tclam prepared as desenbed elsewhere (Mueller 
and Miller, 1945) Incubation is at 35 C, best ± not over 0 1 degree, obtainable 
in a well-stirred water bath with a sensitive thermostat On the fifth day the 
tubes are centrifuged for 5 mmutes, the supernatants, which need not be entirely 
clear, are decanted mto clean tubes in order to ensure thorough mixing, and floc- 
culations are carried out at 42 C over a range of 10 to 120 Lf per ml Failure 
to obtam flocculation in 1 hour at a level of 10 Lf is recorded as “ml,” although 
a titer of 10 Lf ( = 100 test doses or approximately 100,000 mouse MLD) is about 
the level at which toxin was obtained in our earlier work on “peptone-free” 
media, and can pass National Institute of Health mimmum reqmrements The 
positive control at a level of 100 to 110 Lf should flocculate in 5 to 7 minutes 

A titer of intermediate value between “ml” and maximum cannot as yet be 
defimtely interpreted since, as will appear, it is now quite clear that at least two 
factors take part in the growth and formation of toxm There is a strong sug- 
gestion that both of these are, m turn, multiple Until each of the substances 
can be omitted from a base contaimng all the others, it will be impossible to know 
whether its absence prevents or simply dimimshes the formation of toxin Obvi- 
ously, the absence of the tryptic digest must cause a relatively complex multiple 
deficiency for growth, since there remains no source of ammo acids save mmimal 
amounts present m the beef heart infusion The reqmrements for growth on the 
part of our strain have been determined and mclude a dozen or more ammo acids 
Unfortunately, the attempted mclusion of these ammo acids m the base has not 
been practicable, smee some of them seem to inhibit the formation of toxm 
It has been necessary at all times to keep these facts in mmd and to attempt to 
avoid confusmg an accidental deficiency of one or more ammo acids with the 
absence of a more complex and labile groupmg, and at the same time to mterpret 
mtermediate titers conservatively m respect to the particular pomt under 
mvestigation 

The foregomg considerations have resulted m an mchnation to regard maximal 
yields as the objective of each experiment These are never obtamed except 
when aU conditions are fulfilled A titer of 30 to 50 Lf may be due to one or 
more of a vanety of reasons and must, for the present, be mterpreted tentatively 

It may be worth while to desenbe the appearance of a satisfactory culture as 
it develops Ten to 20 hours after moculation growth becomes evident deep m 
the medium and rapidly extends throughout In 18 to 20 hours it is fairly 
heavy, moderate evolution of gas is takmg place, and the contents of the tube 
are dark m color presumably because of the formation of colloidal FeS Durmg 
the second day turbidity, gas formation, and darkenmg mcrease progressively 
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Sometime dunng the third day the FeS begins to separate as a floccuicnt pre- 
cipitate and by the fourth day has settled out, leaving a relatively colorle a 
supernatant m which the bactena appear to have undergone autolj^sis Gas 
production has dimimshed By the fifth day the whole process has stopped, 
and no further change occurs if incubated longer The final pH is 7 2 to 74 
Flocculations earned out at intervals dunng incubation show httle or no tovm 
until the FeS begms to settle and autolysis commences The possibilitj that 
tetanus toxin is formed mtracellularly and liberated only on disruption of the 
cell has been pomted out by Bayne-Jones (1945), and our observations tend to 
confirm such a view 

Cultures on media deficient m one respect or another behave someivhat dif 
ferently Frequently they become blacker than the control, the dark color 
persists, and even after 5 days the FeS has not settled Occasionally, on the 
other hand, cleanng occurs even before the control The degree of opacity due 
to bactenal growiih is difficult to assess because of the dark color Careful 
observation will usually detect a greater degree of turbidity m those tubes w'luch 
later prove to have formed good toxm One point which may ment particular 
mention is that autolysis may fail to occur in tubes m which growi;h is moderated 
good, and under this circumstance toxm is usually not found Whether one or 
several types of deficiency are responsible for this condition is not yet clear, and 
attempts to induce autolysis by modification of pH, etc , m these tubes have thus 
far been unsuccessful 

It would be unprofitable to attempt a complete presentation of experiments 
directed at a separation of active material from the tryptic digest Such expen 
ments now extend well over 3 years, and the majonty are indecisive or negatnc 
A selection will be made of a few to illustrate conclusions which one may bo 
justified in drawmg with reasonable assurance at this stage of the work 
Source of toxigenic material Commercial casern is in many respects a poorly 
defined protem and is possibly an unfortunate choice as a startmg material for 
an extended program of investigation In its favor are low' cost and imifonnit) 
withm a smgle large batch It seemed important, however, to determine if 
possible whether the substances which w'ere sought onginated in the protein 
molecule, were present as impurities m the casern, or had their ongin in the 
enzyme preparation employed for the digestion 
Tryiitic digests w'ere consequently prepared from 10 grams each of (a) box me 
albumm,^ (b) boxnne hemoglobm, (c) commercial casein, and (d) xntamm-free 
casein (Hams), folloxvmg the procedure given by Gladstone and Fildes (191 J 
except that 0 3 g pancreatin pow'der (Merck) were used in place of mmeed hog 
pancreas At the end of 15 days digestion media were prepared using thc‘e 
four products in place of the usual tiyptic digest The results are shoi n in 

table 1 f ) rl 

Smee an acceptable, though not maximal, amount of toxnn was formed 
less of the tjqie of protein, the conclusion seems warranted that an impo an 
fraction of the total effect is due to fragments of protein, rather than to extrr 

= The first two proteins were kindlj supplied bj Armour and Companj , Chicago, Uhnoii 
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neous materials A possible contribiitoiy effect of the enzyme preparation can- 
not be excluded at this stage of the woik, but of itself, and m the presence of a 
moderately complete assortment of ammo acids, it is ivithout effect The failure 
to obtain maximal juelds is in part attributable to failure to adjust carefully the 
quantities used as to nitrogen content, etc This would have proved time- 
consuming and could not have alteied the conclusions significantly 
Failure of acid hydrolyzate of casein to replace tryptic digest The expenment 
summarized in table 2 demonstrates that a fully supplemented acid hydrolyzate 
does not jneld a medium suitable for the production of a potent toxm 
Solubility of essential factors As might be anticipated, the addition of ethyl 
alcohol to the tryptic digest in sufficient quantity bnngs down considerable 

TABLE 1 


Production of toxin on media containing digests of various proteins 


TUBE NO 

couposinoM 

TOXm TITER IN 

5 DAYS 



Lf/ml 

1 

Base N-Z case 300 mg 

80 

2 

“ -1- tryptic digest of bovine albumin 

40 

3 

“ “ “ bovine hemoglobin 

25 

4 

“ “ “ commercial casein 

40 

5 

“ “ “ “vitamin-free” casein 

40 


TABLE 2 


Substitution of acid hydrolyzate of casein for tryptic digest 


TUBE NO 




COilPOSITION 




TOXIN TITER IN 

5 DAYS 

1 

Base -f tryptic digest 300 mg -f HCl hydrolyzate 

0 


Lffml 

90 

2 

<( 

(( 


225 “ 

(f 

75 

mg 

75 

3 

(( 

(( 

f( 

ISO “ 

ft 

ISO 

(C 

43 

4 


H 

(( 

75 “ 

it 

225 

(C 

20 

5 

t( 

ti 


0 “ 

ft 

300 

(( 

10 


insoluble, amorphous, and “oily” material, which carries activity vuth it, but 
there is no evidence of separation of two components or of sigmficant con- 
centration 

Prolonged extraction of a neutral solution of tryptic digest with butyl alcohol 
separates a certain amount of mactive matenal and therefore achieves a measure 
of concentration of the matenal m the residue, but not to a degree which appears 
to warrant the use of such a method as a practicable mitial step m devising a 
method for isolation Extraction with this solvent from either acid or alkalme 
solution has failed to supply any promising lead Less polar solvents of course 
fail to remove appreciable amounts of solid, and do not influence activity These 
results do not warrant illustration by specific protocols The use of phenol as a 
solvent will be considered later 
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Adsor-ptwri Extensive attempts have been made to remove selective!} some 
active component of the tryptic digest by means of adsorption on cliarco-il, and 
to recover it by elution Norit or “nuchar 190-N” will remove activity from 
either neutral or shghtly acid solutions, but the adsorption does not seem to be 
specific, and a considerable amount of the adsorbent must be used before actmti 
IS completely lost By color tests it has been shovm, for example, that ti^-pto- 
phan and tyrosme are readily removed with moderate amounts of charcoal 
Provided the deficiency is rectified with pure amino acids, filtrates so obtained 
are satisfactory for the production of reasonably good, although not maximal, 
toxm Eluates of the charcoal with dilute alcohol or alcoholic ammonia ha\c 
behaved irregularly in the degree to which they will reactivate the medium 
Attempts to employ charcoal columns chromatograpbically have failed to sbon 
promise of success m the fractionation of the crude hydrolyzate, although the 
possibihty exists that after suitable prelimmary procedures, the method might 
have considerable value 

Similar conclusions have been reached m regard to the use of the reversible 
resins for the separation of activity Amberhtes IR-4 and IR-100 and “zeokarb” 
are all capable of progressive removal of activity and of yielding a portion only 
of active matenal when eluted with appropnate electrolytes 
As a result of prolonged experimentation with these various adsorbents, the 
conviction grew that the essential matenal in the tryptic digest was multiple 
In no smgle experiment, however, was it possible to separate sharply tao frac- 
tions, each without activity, yet together produemg a normal yield of toxin It 
was therefore uncertam whether actual separation was accomplished by an} 
particular step, or only that one or more substances were simply spread through 
out all fractions In spite of this absence of positive proof, it became increas- 
ingly probable that at least two, and possibly several, components of the digest 
were involved 

Resistance of active material to acid and alkali Knowledge of the fact that 
hydrolysis by strong acid destroyed activity of the tryptic digest had influenced 
us to examme first the available methods of separation not requiring prolonged 
exposure to reactions far from the neutral point Repeated failure indicated 
the necessity of exploring somewhat more drastic methods As a prcliininar} 
measure experiments were conducted to determme the maximal amounts of 
acid and alkali to which the crude active matenal vas stable ’ It v as of course 
reahzed that, if two or more factors were concerned, one might be considcrabl} 
less resistant than another, and the most labile substance would limit initially 
the choice of methods for separation 

It was found that toxm of good, though of gradually dummshmg, titer cou 
be produced after 1 to 4 hours’ heatmg of 10 per cent solutions with 2 N acid and 
alkah, although evenluaUy total loss of toxigemcity resulted 
A smgle experiment may serve to illustrate the type of result obtained (ta e 1 
Ten grams of N-Z-case were dissolved m 100 ml 2 n H:S04 Ten ml o t e 

> The wnters are indebted to Mr Nathan H Sloane for conducting most of the 
ments on resistance to acid and alkali 
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resulting solution were immediately removed, and the acid was neutialized with 
Ba(OH)2 Tins sample served as a control of any immediate effect and of pos- 
sible loss on the BaS04 precipitate The remaining solution was boiled under a 
reflux condenser, 10-ml samples were taken as indicated, the H2SO4 was removed, 
and the products were tested for ability to induce toxin foimation after they 
were added to the usual basic control medium 

From this and similar experiments conducted by heating ivith either H2SO4 
or Ba(OH)2 solutions it became evident that the substances leading to toxm 
formation were not immediately destroyed by either acid or alkali, and that m 
consequence a reasonable amount of chemical manipulation could be con- 
templated 

Chemical precipitation Ba(OH)i and alcohol, followed by silver As a result of 
a number of small-scale experiments, a procedure was chosen following m a 
general way that for the fractionation of the ammo acids m a complete acid 
hydrolyzate of protem Bnefly, hot BaCOH). was added in moderate excess to 


TABLE 3 

Effect of boiling with 2 N HiSOt on toxigenic factors 


TUBE KO 

UATEEIAL ADDED TO CONTBOL BASE 

TITEB IN S DAYS 

1 

Tryptic digest of casein, untreated 

Lfiml 

no 

2 

Same dissolved in 2 k HjSOi and acid immediately removed 

100 

3 

“ refluxed 5 minutes and acid removed 

90 

4 

(( (< 2Q << t( it a 

70 

5 

“ “ 1 hour “ “ “ 

60 

6 

“ “ 2 hours “ “ “ 

65 

7 

ii n ^ it a it it 

35 

8 

it it 24 ** ** ** 

5(?) 


a solution of the tryptic digest followed by three volumes of 96 per cent alcohol 
The precipiiaie was removed, freed from Ba with H2SO4, and concentrated some- 
what in vacuo to eliminate remaimng alcohol The Ba-alcohol filtrate was neu- 
trahzed with H2SO4, concentrated in vacuo to remove alcohol, and freed from 
excess Ba or SO4 At this stage there was evidence of participation of both 
fractions in toxm formation The barium precipitate, with httle or no activity 
when used alone, appeared to mcrease the moderate activity of the filtrate frac- 
tion, lendmg support to the view that at least two substances were involved 
The banum filtrate was further subdivided by precipitation with silver Ag20 
and H2SO4 were added alternately until an excess of silver was present A small 
amount of precipitate separatmg m acid reaction was removed Ba(OH)2 was 
added to the filtrate and a volummous precipitate separated between pH 7 and 
pH 8 This was removed and further additions of Ba(OH)2 were made until 
the pH rose to 10 or above The two precipitates were centnfuged separately, 
and these together with the final supernatant were freed from Ba with H2SO4, 
and from Ag with H2S 
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Phosphotungstic acid precipitation of the Ag supernatant fraction \\as then 
accomplished after acidifymg with H2SO4 to about pH 3 The pH of course fell 
much lower as a result of the reagent (20 per cent phosphotungstic acid m 10 
per cent H2SO4) The precipitation was carried out in an ice-cooIed bath, after 
which the precipitate was promptly centnfuged m a refngerated centrifuge 
The excess reagent was removed as quickly as possible ivith Ba(OH);, and the 
solutions were restored to neutrality mth dilute H2SO4 
Schematically the fractions obtamed were as diagramed in figure 1 


Original Tryptic Digest 

BafOHlj + alcohol 


Supernatant 


AgzO 


(acid pH) 


Ppt I 


Supernatant 
BafOHla to pH 8 


Ppt 11 


Supernatant 
BafOHh to pH 10 


Ppt III 


Supernatant 
Phosphotungstic acid 


Ppt 


Ppt IV 
Figure 1 


Supernatant 


The acid silver precipitate and the final phosphotungstic supernatant were 
without demonstrable activity All the other fractions appeared to contribute 
m some degree to the formation of toxin of medium titer Full actwitj was 
never recovered, and it remamed uncertain vhether tins was due to partil 
inactivation or to cumulative losses on the abundant inert precipitates wliic 1 
separated in the various steps Vanous attempts at chemical separation 0 an 
active component from any of these mam fractions failed Invanablj' wth oac 1 
step there was loss, until the difference between controls and tests was no longer 
sufficiently defimte to assure vahdity of observation 

The sum total of attempts at direct chemical fractionation hna e therefore beto 
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discouraging, although the possibility remains that certain portions of the in- 
formation wluch has emerged may be successfully apphed at a later stage of 
the work 

Counicrcurrcnl exlraclion The great possibilities for separation of mixtures 
offered by the “counter-curient” extraction method of Craig (1944), provided 
a suitable solvent is available, led to an attempt to explore by his technique the 
use of certain strongly polar orgamc substances Guided by the fact that both 
phenol and collidine (the latter only at temperatures of 60 C or below m our 
hands) are much more effective than butyl alcohol m the separation of amino 
acids on the paper strip chromatograms of Consden, Gordon, and Martin (1944), 
prehnunary small-scale experiments with the former and with lutidme were per- 
formed Lutidine v as selected rather than collidine since it dissolves more water 
at room temperature than does the latter Both solvents showed considerable 
promise, and phenol in particular seemed worthy of intensive mvestigation 
Phenol at room temperature takes up about 15 per cent of water to form a 
hea^'y oil Water, on the other hand, dissolves somewhat more than 10 per cent 
of phenol When shaken together, therefore, equal parts of these substances 
separate sharply into two layers, each saturated -with respect to the other 
A 10 per cent solution of tryptic digest of casern was prepared and centrifuged 
free of undissolved tyrosine It was then saturated with phenol crystals The 
solution remained essentially clear Ten ml of this solution were thoroughly 
shaken in a test tube with 10 ml of phenol saturated with water After standmg 
for a short tune the two layers separated sharply The phenol layer was pipetted 
mto a second tube contaimng 10 ml of a saturated aqueous solution of phenol, 
and 10 ml more of hqmd phenol were added to the first tube Both tubes were 
shaken, and, after separating, the phenol of the second tube was transferred to 
a third, that from the first to the second, fresh phenol was added to the first, 
and fresh water to the third By a continuation of this process the extraction 
was carried through six tubes (“plates”) It was evident that a very appreciable 
amount of the ongmal sohds was bemg earned along by the phenol Emulsions 
tended to form m some of the tubes, which, however, were easily broken by bnef 
centrifugmg To determine whether activity could now be recovered, or whether 
loss had resulted through some effect of the phenol, 3 ml of each phenol layer 
and of each water layer were combined and the phenol was removed by extract- 
mg it several times with ether The aqueous layer was finally concentrated to 
10 ml by vacuum distillation Addition of this solution to the basic medium 
produced an essentially maximum titer of toxin 
The experiment was then earned out on a larger scale, employmg 250-ml 
separatory funnels rather than test tubes, making it possible to start with 100 ml 
of a solution of tryptic digest and 100 ml of phenol This experiment was ear- 
ned through twelve “plates ” Ahquots of the final twelve mixtures were re- 
moved, combmed into three fractions (A) plates 1 to 4, (B) plates 5 to 8, and 
(C) plates 9 to 12, and each freed from phenol with ether Substitution of these 
fractions m the basic medium gave the results mdicated m table 4 
This experiment, which has been repeatedly confirmed, represents the first 
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successful separation of two components (or groups), each essentiallj-- luthout 
activity of Itself but together giving practically the complete effect of the ongiml 
It seems probable that fraction B contains low concentrations of the componenfs 
of both A and C, and therefore alone is capable of some toxin production Frac 
tions A and C, on the other hand, being relatively well separated from eich 
other, are individually almost without effect, while together they form a ncarlv 
complete medium 

A more extensive separation of a larger amount was then undertaken A 
30 per cent solution of tryptic digest was used which could be obtained (except 
for tyrosine) by warmmg It was allowed to cool and to stand for some hours, 
during which time a moderate amount of granular, semicrystalhne matenil 
(leucme?) separated This was discarded without loss of toxigenicity One 
hundred ml of the rather heavy, syrupy solution so obtained was shaken mth 
100 ml of phenol The resultmg emulsion separated slowly, but separation 
could be expedited by transfemng the mixture to a 250-ml cup and centnfuging 

TABLE 4 


Separalion of toxigenic factors by phenol-water partition 


TUBE NO 

ICAIXBIAL ADDED TO BASE 

lOXDfiN 

1 

N-Z-case 300 rag 

Uhl 

% 

2 

Fraction A (equivalent to 300 mg N-Z case) 

nil 

3 

“ B (equivalent to 300 mg N-Z case) 

30 

4 1 

“ C (equivalent to 300 mg N-Z case) 

ml 

5 

“ A -f B (equivalent to 300 mg N-Z case) 

17 

6 

“ A -h C (equivalent to 300 mg N-Z-case) 

70 

ml 

7 

“ B C (equivalent to 300 mg N-Z-case) 

8 

“ A B -f C (equivalent to 300 mg N-Z-case) 

80 


briefly At this stage the aqueous solution was heavier than the phenol lajcr 
After separatmg the two layers, progressive extractions were earned foiaxard 
until 24 plates had been separated After the third extraction, the onginal 
aqueous layer became lighter than phenol, and from this point the separation 
proceeded normally The method was labonous but not prohibitively so 
About 2 days were required to complete the 24 extractions^ Emulsions which 
were progressively difficult to break occurred after the first few plates, about 
two-thirds of the way down the row of separatory funnels ‘Whatev cr the 
stance responsible for this phenomenon, it traveled progressively to the ng 
as the extraction proceeded and necessitated the centnfuging at first of a sing c 
fraction, later of three or four adjoinmg ones 

Ahquots of these 24 plates have been freed from phenol and tested in vanou^ 
combinations The essential facts of the earher 12-plate experiment liave 


< The extractions were greatlj facilitated by mixing the contents of the funn'-Is, 12 s 
tune, on a rotating support constructed for the purpose by Mr Sam LaMu o 
department (Proc Soc Exptl Biol Med , in press) 
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confirmed, nnd m addition certain of the results indicate that each of the two 
well-separated fractions may be further resolved into at least two more eom- 
ponents 

At this pomt an attempt was made to integrate portions of the results of earlier 
experiments TOth the information made available by phenol coimtercurrent 
extractions, and the follomng obsenmtions were made (1) Substitution of silver 
precipitate fractions for vanous groups of plates m the 24-plate experiment, m 
the presence of a base contaimng the matenal from all remaining plates, indicates 
that the silver-precipitable matenal replaces reasonably well the substances m 
plates 13 to 20 Possibly it is sigmficant that the constituents of these plates, 
as well as of the silver precipitates, mclude a good deal of histidme-containmg 
peptide (2) It appears that if a 10 per cent solution of tryptic digest is treated 
with nuchar 190-N m suflScient quantity (15 per cent) to render it mert as far 
as toxm production is concerned, activity is largely restored both by plates 
13 to 20 and by silver precipitate 

This last observation seems to offer a reasonable plan for a direct attempt at 
the isolation of a smgle one of the multiple factors mvolved m toxm formation 
If the charcoal-treated digest is indeed completely deficient m one factor, al- 
though perhaps drmimshed in concentration with respect to one or more others, 
and if this factor is present m plates 13-20 as well as in silver precipitate, a prac- 
ticable basic medium for its assay is readily available This possibility is bemg 
mvestigated as descnbed m the followmg section 

Starch column chromatography Paper stnp chromatograms of the matenal 
m plates 13 to 20 as well as m the silver precipitate show that each still repre- 
sents a relatively complex mixture The fact that a considerable range of 
mobihty is manifested m all solvents used (butanol, phenol, colhdme, lutidme) 
strongly suggests that a smtable chromatographic method of separation might 
offer the greatest promise of success Moore and Stem (1948) have shown 
that it IS possible to use potato starch columns for the separation of amino acids 
and of the simpler peptides Their work represents an extension and refinement 
of earher partially effective attempts m the same direction by Synge (1944) 
From mathematical considerations these workers calculate that a starch column 
30 cm m length is capable of a degree of resolution of the components of a mix- 
ture correspondmg to several thousand theoretical plates A number of pre- 
hmmary experiments were earned out accordmg to a procedure many of the 
details of which were generously supplied to us by Drs Moore and Stem The 
followmg illustrates one m which relatively complete and clear-cut results were 
obtamed 

A filter tube 15 by 2 cm was hghtly plugged at the bottom with glass wool, 
and this m turn was covered with a thm, compact layer of filter paper pulp 
A suspension of 100 g of potato starch m 150 ml butanol and 17 ml water was 
poured mto the tube, and air pressure of about 5 cm of mercuiy apphed Fur- 
ther additions of starch suspension were made from time to time until a column 
about 12 cm long was obtamed This was washed with about 50 ml of 90 per 
cent butanol Two ml of a 10 per cent solution of 8-hydroxyqumohne m_^90 
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per cent butanol ^ere then run on the column, and the ^\ashlng ^^as continued 
■with another 50 ml of the same solvent 
The phenol v as removed from portions of the combined plates 13 to 20 cqui\ i 
lent to 1 2 g of the onginal tryptic digest and containing about ICO mg of solid , 
the solution was concentrated in an am current almost to drjmess and tikcn up 
m 0 4 ml of 2 5 E HCl This vas mixed inth 5 ml of anhydrous butanol and 
put on the column Development was vuth 90 per cent butanol and vas con 
tmued until 13 senal fractions of filtrate of about 9 ml each had been collected 
A loopful of each fraction v as dried on filter paper, sprayed vith ninbydnn, and 
■warmed Tubes 1 to 4 sho'wed no reaction, whereas a very strong positne 
reaction ivas shown m tubes 5, 6, and 7, little in 8, somewhat more in 9, and then 
it gradually diminished to doubtful tests m 12 and 13 
The starch colu m n itself ■was then carefully removed from the filter tube, and 
samples of a few mg of starch were taken at vanous levels and tested mtli 
mnhydnn A ■weekly positive reaction was obtained at the lower end of the 
tube, and a strongly positive one at the top The main bulk of the starch 
then di'vuded m the middle, and each half w as extracted repeatedly with small 
amounts of water 

All fractions were freed from butanol by concentration zn vacuo, and portions 
correspondmg to 40 mg of ongmal sohd were tested for toxin production in the 
usual basic medium without N-Z-case but containing the charcoal fiUntc 
referred to above together with tryptophan 
It IS evident that the most active of the fractions is the one that shows little 
or no tendency to pass down the starch column when 90 per cent butanol is u ed 
as the solv'ent This conforms to what could havn been anticipated from earlier 
experiments, to which allusion has alreadj'^ been made, which showed little or 
no tendency for activity to pass from water to butanol The moderate increaro 
in activity when all fractions were mixed (table 5, tube no 9) has been confirmed 
m a number of similar subsequent experiments, using both phenol plates 13 to 20 
and silver precipitate as startmg matena! The effect was found to be due to 
somethmg m the effluent from the column and could be largclj if not entircli 
replaced by phenylalanine The presence of phenylalanine in the effluent can 
be demonstrated by paper chromatograms and colonmetnc tests 

Phenylalamne is one of the ammo acids known to be required or sliniulaton 
m the growth of our orgamsm and is the first of these, wuth the exception o 
cystine, tjTOsme, and trjqitophan, to be shown to be effectiv e in the free (otw 
m toxm production under these conditions The effect is demonstr ited in 1 1 
foUowmg e'qienment (table 6) 

Silver precipitate matenal nearly^ 2 years old was u-^ed Instead of pa" 
the entu-e preparation through a starch column, a reparation of a very con^n 
trated solution of the hy drochlondes was brought about by shaling ^ 
volumes of anhydrous butyl alcohol and centrifuging The oily rc=iduf 
been shown m earlier e^xpenments to replace the “top of the column frai ti i 
the experiment detailed above . 

Stem and Moore hav e shown tliat the basic ammo acids, v Inch ‘•ho i 
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mobility on starch wth 90 per cent butanol, can be separated if mixtures of 
propyl alcohol and aqueous hydrochloric acid are used for the development 
The possibility of loss in activity through prolonged exposure of the “butyl 
residue” material to acid led us to experiment briefly with starch columns in 
which either 85 per cent phenol or water-saturated lutidine were employed as 
solvents Both types of column gave encouraging results, but each presented 
certain difficulties in operation Before attempting to perfect either one, a small 
column was tried using propanol and aqueous 0 5 N H 2 SO 4 m the proportion 

TABLE 6 


Effect of fractions obtained on starch column with butanol 


TUBE KO 

uatesial added to base 

lOXm IN S DAYS 






Lfiml 

1 

N-Z case 300 mg 




100 

2 

Charcoal filtrate -h tr 3 rptophan -1- tyrosine 


10 

3 

(C << 

tt 

tt 

-f plates 13-20 

75 

4 

<( tt 

tl 

tt 

-f tubes 1-4 

ml 

5 

<< << 

tt 

tt 

“ 5-7 

10 

6 

<< tt 

tt 

tt 

“ 8-13 

ml 

7 

t( it 

tt 

tt 

bottom of column 

10 

8 

It tt 

tt 

tt 

top “ “ 

56 

9 

It ti 

tt 

tt 

all 5 fractions 

65 


TABLE 6 

Effect of •phenylalanine on toxin formation 


TUBE NO 

MATERIAL ADDED TO BASE 

TOXIN IN 5 DAYS 



Lf/ml 

1 

N-Z case 300 mg 

105 

2 

Charcoal filtrate tryptophan + tyrosine 

15 

3 

“ “ “ “ -f- butyl residue 

15 

4 

(( tt tt tt ft It 

-f- DL-phenylalamne 0 1 mg 

25 

5 

Charcoal filtrate -b tryptophan -f- tyrosine + butyl residue 

4- Di, phenylalamne 1 0 mg 

70 

6 

Charcoal filtrate -b tryptophan -b tyrosine -b butyl residue 
-b DL-phenylalanine 10 0 mg 

60 


of 2 1 The fractions of filtrate so obtamed were neutralized with barium 
hydroxide, the BaS 04 was centrifuged out, and the propanol was removed by 
vacuum distillation It has been possible to demonstrate activity m the filtrate, 
and also to show by paper chromatograms that a fair degree of separation of the 
several components present in the “butyl residue” is achieved 
Preparations are now imder way for the separation of a sufficient quantity of 
the active matenal m the silver precipitate for chenucal examination The 
wnters hope to report more defimtely on its nature, as well as on the results of 
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applying starch chromatography to the other factors already partiallj sepiratcd 
by phenol coimtercurrent extraction 


CONCLUSIONS 

A tryptic digest of commercial casern contains at least two substances d^ 
stroyed m ordmaiy acid or alkahne hydrolysis that appear essential for the 
production of potent tetanus toxm under the conditions of these evpemnents 

Fairly strong toxin has been obtamed from tiyptic digests of “vitanun-free” 
casern and of bovme albumm and hemoglobm, mdicatmg the probabilit}' of n 
widespread distribution of the compounds or groupmgs involved The posn 
bdity that the trypsm preparation contributes m some way to the effect, has not 
yet been excluded 

The most promismg procedure for the isolation of the substances vhich are 
concerned appears at present to be an mitial separation by “counter-current” 
extraction vuth phenol, followed by chromatographic fractionation on starch col- 
umns 

By this means phenylalamne has been identified as bemg concerned in toua 
formation, and a concentrate, active at a level of 0 2 to 0 4 mg m 20 ml of medium, 
has been obtamed, but not as yet m a sufficiently pure condition for chemical 
charactenzation Further mvestigation of this matenal, as well as of the one 
or more additional unknown components of the basic medium, is in progress 
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In a senes of publications (Dubos, 1945, Dubos and Davis, 1946, Davis and 
Dubos, 1946a, Davis and Dubos, 19465, Dubos, 1946, Dubos, Davis, Middle- 
brook, and Pierce, 1946, Dubos, 1947, Davis and Dubos, 1947, Dubos and 
Middlebrook, 1947) the addition of certain wetting agents to synthetic culture 
media used for the growth of virulent tubercle bacilli has been advocated The 
synthetic nomomc detergent “tween 80” was found to be the most suitable 
The advantages claimed were that this substance exerted a stimulatmg effect 
on the growth of tubercle bacilli and produced a diffuse homogeneous growth 
similar to that of many non-acid-fast bacteria instead of the granular or flaky 
growth usually encoimtered Commercial preparations of tween 80, however, 
contamed a sufficient amount of unesterified oleic acid to exert a growth-m- 
hibitory effect on small mocula of tubercle bacilh This could be removed chem- 
ically from the commercial material or counteracted by the addition of purified 
serum albumin to the medium These mvestigators also reported that glucose 
and glycerol mcreased the total amount of growth of tubercle bacilh but not the 
mitial rate of multiplication, and that glycerol exerted an inhibitory effect on 
the growth of small mocula m the presence of tween 80 that was not apparent 
m the absence of the oleic acid ester 

Quantitative determination of the growth rate of Mycobacterium tuberculosis 
var homtnis has been difficult because of the lack of reliable methods Youmans 
(1946), however, has shown that mtrogen determmations can be used for accu- 
rately determimng the amount of growth of tubercle bacilh, and the effect that 
alteration of the composition of the medium and the presence of growth inhi- 
bitory substances has on the rate of growth In this maimer the effect of various 
substances on the rate of growth may be evaluated on a quantitative basis 
This techmque is necessitated by the fact that, without a dispersmg agent in the 
medium, tubercle bacilli form flaky clumps, which ehmmates the apphcation of 
turbidimetnc, platmg, or direct counting methods for the estimation of the 
amount of growth 


METHODS 

Basal media Two chemically defined media were employed The first was 
the modified Proskauer and Beck synthetic medium (modified P & B synthetic 
medium), which has previously been employed by Youmans (1946) The 

* Aided by a grant from Parke, Davis and Company, Detroit 32, Michigan 
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second medium was that recommended by Dubos (1947), m which we employed 
asparagme as the mtrogen source Only water redistilled from glass was cm 
ployed The pH of both media was adjusted to 7 0 using a Macbeth eloctrom 
eter, and the media were stenhzed m the autoclave at 10 pounds for 20 minutes 
Tween 80 (polyoxyethylene sorbitan monooleate), a synthetic nomonic deter 
gent, was obtamed from the Atlas Products Company of Wilmington, Delaware 
Three fresh lots (AEL no 3020, no 3292, and no 7939) of tween 80 wcrcem- 
ployed, and were stored in the icebox at 5 C The purified oleic acid-free tween 
80 was prepared from one of these (Lot no 3020) as required, according to the 
method recommended by Davis (1947) ^ With this lot 0 60 per cent acid, ca! 
culated as oleic acid, was extracted from the unpurified tween 80 and the yeld 
of purified tween 80 was approximately 70 per cent These results compare 
very favorably with those obtamed by Davis (1947) m the purification of tween 
80 Tween 80 was employed m the media m a concentration of 0 05 per cent 
All solutions of tween 80 were freshly prepared just before being used 
Albumin Bovme albumin powder (fraction V) prepared by Armour Labora 
tones, Chicago, Illinois, was employed A 5 0 per cent solution in physiological 
sahne was mactivated by heatmg the albumin solution for 30 minutes at 55 C 
to remove any substances that might hberate free oleic acid by enzymatic action 
after prolonged mcubation with the water-soluble ester tween 80 (Dubos and 
Davis, 1946) Stenle solutions were then obtamed by filtration through por 
celam candles (Selas no 2) or Berkefeld filters (normal porosity) and added to 
the autoclaved medium with aseptic precautions m amounts to give a final 
concentration of 0 2 per cent 

Glassware Pyrex test tubes, 200 by 25 mm, were cleaned by standing them 
overnight in concentrated sulfunc acid or detergent cleamng solution * Thc> 
were nnsed then 7 to 8 times with running tap water, 3 times with distilled water, 
and twice with redistilled water When dry they were capped with loose-fitting 
alummum caps and sterilized m the autoclave at 20 pounds pressure for 20 
mmutes Following sterilization, 10 0 ml of stenle medium were introduced 
aseptically into each tube with an accurately cahbrated volumetnc pipette 
Determinations of growth of tvberde bacilli The method employed lor the 
detenmnation of the amount of growth of tubercle bacilh m the various media 
by micro-Kjeldahl mtrogen determinations followed the procedure used bj 
youmans (1946) 

The virulent human type strain, H37Rv, of M tuberculosis was employed in 
all experiments The amount of inoculum used ranged from 0 042 to 0 070 mg 
bacterial nitrogen per 10 0 ml of medium, but the moculum was constant m a 
experiments m which comparisons were bemg made 

= Punfied tween SO and data concerning chemical analysis were supplied bj Leonard Doub 
of the Research Laboratories of Parte, Davis and Coinpan> , Detroit, hficlugan 

sMarvarok, produced bj Antiseptol Co , Division of W F Straub and Co , Chic3„ , 
Illinois 
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RESULTS 

The cffccl of unpunfied tween 80 on the growth of HS7Rv tn modified Proskauer 
and Beck synthclic medium Graph 1 shows a typical experiment m which 0 05 
per cent unpunfied tween 80 was added to the medium It is apparent that the 
tween 80 exerted an mlubitory action on the growth of the tubercle bacilh 
The actual decrease m the rate of growth m the presence of tween 80 as deter- 
mmed from the straight-hne portions of the curves was 37 1 per cent Table 1 
shows the results of 7 similar experiments m which the percentage of inhibition 
of growth rate produced by 0 05 per cent tween. 80 vaned from 28 3 to 49 8 

TABLE 1 


Effect of unpunfied tween 80 (fl 05 per cent) on growth of tubercle bacilli (ES7Rv) in modified 

P £. D synthetic medium 


EXF KO 

CONCENTEA 
TION OF 
nVEEN 80 IK 
PEE CXNT 

lOLLIOEAitS BACTEEIAI. NITEOGEIY 

PEE CENT OP 
INHIBITION OP 
GROWTH EATE 

looculum 

Time in hours 

68 

116 

164 

212 

260 

A 

0 00 


0 119 

0 177 

lEI 

mi 




0 05 

iiil 

0 088 

0 124 




37 7 

B 

0 00 

■ESI 

0 117 

0 179 



mEm 



0 05 

mEm 

0 084 

0 125 

itii 


mSm 

38 2 

C 

0 00 


0 102 

0 176 

0 246 

0 313 




0 05 

0 042 

0 064 

0 083 

0 118 

0 132 


49 8 

D 

0 00 

0 053 

0 106 

0 150 

0 189 

0 249 

0 313 



0 05 

0 053 

0 079 

0 112 

0 134 

0 168 

0 204 

28 3 

E 

0 00 

0 049 

0 126 

0 202 






0 05 

0 049 

0 072 

0 108 




44 2 

F 

0 00 

0 047 

0 119 

0 211 






0 05 

0 047 

0 078 

0 129 




32 8 




72 hr 

m hr 

m hr 




G 

0 00 

0 049 

0 109 

0 161 

0 245 





0 05 

0 049 

0 071 

0 103 

0 140 



37 1 


0 01 mg bacterial nitrogen is equivalent to approximately 0 23 mg of dned tubercle 
bacilh 


The effect of purified tween 80 on the growth of US7Rv in modified Proskauer and 
Beck synthetic medium Graph 1 also shows the effect of punfied tween 80 on 
the growth of the H37Rv stram This purified matenal inhi bited growth 23 3 
per cent Also shown in the graph is the effect on the growth of tubercle bacilli 
of the unpunfied tween 80 from which the purified material was prepared This 
produced considerably more inhibition of growth than the punfied matenal 
Two similar experiments with other preparations of punfied tween 80 produced 
20 7 and 24 9 per cent inhi bition of growth, respectively 

The effect of purified and unpunfied tween 80 on the growth of HS7Rv in Dubos 
basal medium Similar experiments were conducted using Dubos basal medium, 
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(0 05 pa cent) on Ihc gioiolh of M inhci miosis (IISTRv) in modified Proshancr and 
BccL and Dnhos basal synthetic medium Graph 3 shows the results obtained 
^^lth modified Proskauei and Beck medium containing (1) 2 0 per cent glycerol, 
(2) 2 0 per cent gljcerol plus 0 05 pei cent tueen 80, (3) 0 05 per cent tueen 80, 
(4) neither glycerol nor tueen 80 It is evident that omission of the glycerol 
resulted in marked i eduction m the late of growth of the tubercle bacilli (37 6 
pel cent) The addition of 0 05 per cent tu een 80 to this medium contaimng 
no glj^cerol resulted in a stimulation of growth but not to the same degree as the 
addition of glycerol The addition of both glj'cerol and tueen 80 to the basal 
medium resulted in a rate of giouth for a penod of 7 days that uas the same 


TABLE 2 

Effect of albumin (0 3 per cent) and tween 80 (0 05 percent) on growth of tubercle bacilli (H37Rv) 
in modified P &. B and Dubos media 








iULLlOEAMS BACTEEIAL NITBOGEN 


EXP 

1»0 

TYPE OP 
UEDimi 

ALBUUm 

pTiRirrED 
TWEEN 80 

tTNPURiriED 
TWEEN 80 



Time m hours 








72 

120 

16S 

216 

264 

H 

Modified 
P A B 




0 046 


0 132 

0 210 

0 288 

0 372 


(f 

0 2% 

— 


0 046 

— 

0 130 

0 200 

0 245 

0 331 


<< 

0 2% 

0 05% 

— 

0 046 

— 

0 132 

0 174 

0 198 

0 221 

I 

It 

— 

— 

— 

0 046 

0 109 

0 168 

0 256 

0 345 

0 491 


tt 

0 2% 

— 

— 

0 046 

0 no 

0 166 

0 256 

0 316 

0 351 


tt 

0 2% 

_ 

0 05% 

0 046 

0 108 

0 169 

0 213 

0 288 

— 

H 

Dubos 







0 046 



0 132 

0 172 

0 228 

0 243 


(( 

0 2% 

— 

— 

0 046 

— 

0 139 

0 191 

0 222 

0 239 


tt 

0 2% 

_ 

0 05% 

0 046 

— 

0 137 

0 176 

0 217 

0 224 

I 

tt 

— 

— 

— 

0 046 

0 109 

0 168 

0 215 

0 269 

— 


tt 

0 2% 

— 

— 

0 046 

0 110 

0 169 

0 211 

0 265 

— 


<( 

0 2% 

— 

0 05% 

0 046 

0 103 

0 166 

0 196 

0 234 

— 


as for the medium contaimng tween 80 alone, followmg which more growth was 
present in the medium contaimng both tween 80 and glycerol 

Graph 4 shows the results obtained usmg Dubos basal medium with and with- 
out glucose m the presence and absence of 0 05 per cent purified tween 80 The 
results obtamed here are comparable to the results obtained with glycerol m the 
modified Proskauer and Beck synthetic medium 

The effect of albumin (0 2 per cent) in modified Proskauer and Beck and Dubos 
medium on the growth of tubercle bacilli {H37Rv) The addition of 0 2 per cent 
albumm to the basal media did not result m an mcreased rate of growth either 
in the early growth period or m the late phase During the late grouiih period 
there was a tendency for an earlier decrease m rate of growth m the Proskauer 
and Beck medium contaimng albumin, but in all other respects the growth rate 
as well as the total amount of growth are essentially equal (graphs 5 and 6, 
table 2) 
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The effect of albumin (0 2 per cent) in the presence of tween 80 (0 05 per ar') 
on the growth of tubercle bacilli (HS7Rv) The addition of ti^een SO (0 05 p-T 
cent) m either the purified or unpunfied state produced no significant difference*, 
m the rate of groi^dh m Dubos medium or modified P and B medium in th-' 
presence of 0 2 per cent albumm for the first 5 days, but thereafter a decreve 
m growth was noted m both media which contamed either purified or unpunfied 
tween 80 (graphs 5 and 6, table 2) 

DISCUSSION 

It IS apparent from the results of these experiments that unpunfied tween SO 
has a rather marked bacteriostatic effect on the large inocula of tubercle bicilli 
employed This is in bne with the observations of Dubos and Davis (194G) and 
Davis and Dubos (1946a) that this material is toxic to small inocuH of tubercle 
bacilli Accordmg to Dubos and Davis (1946a), Dubos, Davis, hliddlebrook, 



Graph B, left Effect of serum albumin (0 2 per cent) and unpunSed tween 80 (OOj p'r 
cent) on growth of M tuberculosis (H37R\) in Dubos basal synthetic medium 

Graph 6, right Effect of serum albumin (0 2 per cent) and unpunfied tv\ccn SO (0(w 
per cent) on groirth of M tuberculosis (H37Il\) in modified P and B synthetic medium 

and Pierce (1946), and Dubos and IMiddlebrook (1947), the toxicitj of tlu’ 
matenal is due to the presence of unestenfied oleic acid, and, when the oleic neid 
IS chemically removed from the tween 80, the latter becomes entirely nontow'’ 
for tubercle bacilli as determmed by the growth of small inocula Our rc'ult® 
would mdicate that tween 80 from which the free oleic acid has been rcmo\c<^ 
stiU has a bacteriostatic action et en on large inocula of tubercle bacilli Ibii, o. 
course, imght indicate that purification of the tween 80 had not been compklc 
The protective effect of bonne albumin noted in our experiments might a 
suggest that our punfied tween SO was not completely free of unestenfied ole c 
acid Accordmg to Dans (1947), punfied tween SO wall sloul> h>dro!}re ^ 
37 C to produce some free oleic acid, and it is possible that our finding- cou < ^ 
accounted for on this basis In new of the slow rate of iijdroUsis of twr--n 
and the prompt inhibition of growth observ ed in our c' penments tins cxplana i 
does not seem bkely 
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According to Dubos and Middlebrook (1947), lipases present in bactena may 
accelerate the hj’^drolysis of tween 80 In view of the relatively large inocula 
employed in these expenments the possibihty must be considered that the tu- 
bercle bacilli themselves might have hydrolyzed the tween 80 to form oleic acid 
with a consequent bactenostatic effect Accordmg to Dubos (1947) and Davis 
(1948), however, the toxicity of oleic acid can be neutrahzed by large mocula 
of tubercle bacilli This would appear to exclude the size of the inoculum as a 
factor 

It would seem, exclusive of the role played by any free oleic acid present m 
tween 80, that this substance by virtue of its surface-active properties might 
possibly be bactenostatic per se In any event, m the media employed and 
under the conditions of the experiments, there is no indication of the marked 
enhancement of growth reported by Dubos (1947) In this connection it is of 
mterest to note that cultures of tubercle bacilh m media containmg tween 80 
usuallj’^ appear visually, because of the diffuse type of growth, to have more 
orgamsms present, but m all cases, except when the glucose or glycerol were 
omitted from the media, m which actual quantitative measurements of the 
amount of tubercle bacilli present were made, a greater total mass of orgamsms 
was found in the media that were without tween 80 and that showed the clumped 
form of grovdih 

It IS also apparent from these results that both glycerol and glucose markedly 
stimulate groviih Furthermore, punfied tween 80 also stimulates growth when 
added to either of the media m the absence of glucose or glycerol, but not to 
nearly the same degree as either glucose or glycerol alone Punfied tween 80 
when added to either of the media in the presence of glycerol or glucose inhibited 
growth as compared with either glucose or glycerol alone This is m contrast 
to the findings of Dubos and Davis (1946) and Dubos, Davis, Middlebrook, and 
Pierce (1946) that glycerol inhibited the growth of small mocula m the presence 
of tween 80, actually the converse held in our experiments, smce the tween 80 
inhibited growth m the presence not only of glycerol but also of glucose, even 
though it stimulated growth shghtly in the absence of these agents 

Although it IS possible that glycerol might have an inhibitory effect on small 
numbers of tubercle bacilh and stimulate growth of larger numbers, it would also 
seem reasonable that another substance (tween 80) that was toxic for large m- 
ocula might also have a growth-retarding effect on small mocula This is sup- 
ported by work usmg small inocula (Youmans, 1948) 

Under the conditions of these experiments, usmg large mocula, the addition 
of serum albumin (0 2 per cent) resulted in neither an increased mitial rate of 
growth nor an increased total yield Accordmg to Dubos and Davis (1946) and 
Davis and Dubos (1947), although the addition of crystalhne serum albumm to 
the medium often permits the imtiation of growth of mmute mocula that would 
not grow m the absence of the protem, it does not increase appreciably the fimal 
density of the culture However, less pure protem (fraction V) apparently 
contamed heat-stable unpunties that could be separated from the albumm and 
that mcreased markedly the amount of growth yielded by tubercle bacilh m 
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synthetic media In our experiments no such enhancing effect resulted from the 
addition of fraction V serum albumin to the basal medium In fact, during the 
late growth period there was a tendency toward a shght decrease in rate of 
growth in the Proskauer and Beck medium containing albumin, but the initial 
growth rates were not significantly different These divergent results, of course, 
might be accounted for on the basis of differences in the samples of bovine al 
bumm employed 

The addition of purified and unpunfied tween 80 to either medium containing 
0 2 per cent albumin lesulted in no significant difference m the rate of growth 
for the first 5 days, thereafter, a decrease in the rate of growth was noted winch 
was more marked in the modified Proskauer and Beck medium Thus it appears 
that the albumin protected against the early inhibitory effect of tween 80 but 
not for a period greater than 5 days The combined bovme serum albumin and 
tween 80 mixture definitely failed to increase either the rate of growth or total 
yield as compared to the results when using only Dubos basal medium or modified 
Proskauer and Beck synthetic media 

Though the role of these various agents as tested seems defimte, it does not 
necessarily follow that under conditions in which different concentrations were 
used the same results would be noted Because of the laboriousness of this 
quantitative method the present experiments were limited to the use of these 
substances in the concentrations recommended in the literature The answer 
to questions relative to the effect of varying the concentrations must await 
further quantitative study Furthermore, it cannot be concluded that all 
strams of virulent human t5rpe tubercle bacilli would behave under the conditions 
of the experiments in the same manner as the H37Rv strain 

CONCLUSIONS 

Unpunfied “tween 80” (0 05 per cent) markedly inhibited the growth rate of 
virulent tubercle bacilli (H37Rv) in modified Proskauer and Beck synthetic 
media 

Purified tween 80 (0 05 per cent) exerted a similar bacteriostatic effect but 
to a lesser degree 

The same inhibitory effect of this surface-active agent was noted using Dubos 
basal medium 

Glucose and glycerol markedly stimulated the rate of growth 

Although punfied tween 80 inhibited growth in the presence of glucose and 
glycerol, it stimulated groivth slightly m the absence of these agents 

Bovine serum albumin (fraction V, 0 2 per cent) did not stimulate gro 

of the tubercle bacillus , 

Bovme serum albumm (0 2 per cent) protected tubercle bacilli against t 
inhibitory effect of purified and unpunfied tw'een 80 (0 05 per cent) butony 
durmg the first 5 days of growth 

The modified P and B synthetic medium contaimng 2 0 per cent glycerol sup- 
ported growth of tubercle bacilli at a maximum rate for a longer penod than tbe 
Dubos medium containing 0 2 per cent glucose 
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THE EFFECT OF “TWEEN 80” IN VITRO ON THE BACTERIOSTATIC 
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Departmenl of Bacteriology, Northwestern University Medical School, Chicago 11, Ulinots 
Received for publication May 24, 1948 

The vise of tween-albumin medium for the cultivation of tubercle bacilh as 
recommended by Dubos and Davis (1946) affords the advantage of permittmg 
a relatively diffuse homogeneous growth instead of the granular, flocculent growth 
usually encountered This permits greater ease of handlmg and the use of 
more uniform mocula The mcorporation of “tween 80” and bovme albumm 
m media to be used for the in mtro study of bactenostatic and bactencidal agents 
on tubercle bacilh has been recommended by several workers (Duca, Wilhams, 
and Scudi, 1948, Middlebrook and Yegian, 1946, Dubos and Middlebrook, 1947, 
Wong, Hambly, and Anderson, 1947) However, it has been reported that the 
presence of tween 80 m synthetic media increased the bactenostatic action of 
pemciUm (Kirby and Dubos, 1947), streptomycin (Fisher, 1948), and subtilm 
(Anderson andWong, 1946, Anderson, 1947) on the subsurface growth of tubercle 
bacilh Bloch, Erlenmeyer, and Suter (1947) and Forrest, Hart, and Walker 
(1947) found, on the contrary, that tween 80 reduced the inhibitory action of 
certam compounds on the growth of this orgamsm As a result of these contra- 
dictory reports, this work was undertaken to determine what effect tween 80, 
m the presence and absence of bovine albumm, would have on the in mtro 
bactenostatic activity of 20 compounds for Mycobacterium tuberculosis 

EXPEiUMENTAIi METHODS 

The basal medium and methods used were essentially those recommended by 
Youmans (1944) and Youmans and Doub (1946) The basal medium employed 
had the foUowmg composition 


Asparagine 5 0 g 

KH.PO< 5 0 g 

K SO< 0 5 g 

Magnesium citrate 1 5 g 

Glycerol 20 0 ml 

Double distilled water 1,000 0 ml 


The pH of the medium was adjusted to 7 0 with 40 per cent NaOH, and the medium was 
autoclaved then at 15 pounds for 20 minutes 

Twofold dilutions of each compound were used m the basal medium and each 
of the followmg modifications (a) basal medium plus 0 2 per cent crystalhne 
bovme albumm,^ (b) basal medium plus 0 05 per cent tween 80, (c) basal medium 

’ Aided by a grant from Parke, Davis and Company, Detroit 32, Michigan 

* Armour and Company, Chicago, Ulmois 
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plus 0 05 per cent tween 80 plus 0 2 per cent bovine albumin, (d) basal medium 
plus 0 05 per cent purified tween 80, and (e) basal medium plus 0 05 per cent 
puiified tween 80 plus 0 2 per cent bovine albumin The media containing the 
concentrations of each diug, which varied from 10 mg per cent to 0 00002 mg 
per cent, were inoculated vith 0 1 mg of a very fine suspension of the H37Rv 
strain of M tuberculosis var homints After incubation at 37 C for 2 veel^s the 
tubes were examined, and the lowest concentration of the compound that com- 
pletely inhibited the subsurface growth of the organism was considered the 
bacteriostatic level of that compound Diffuse growth always was obtained in 
the presence of tween 80 

The two samples of tween 80^ (lot nos Arl 3292 and 8349) employed in these 
experiments were obtained from the Atlas Powder Company and were from stock 
recommended for the growth of tubercle bacilli The purified tween 80, from 
which the free oleic acid was removed, was prepared according to the method of 
Davis (1947) ^ Fresh solutions of these were prepared for each batch of medium 

RESULTS 

The results are tabulated m table 1, and are the averages of from 3 to 6 separate 
deternunations on each compound except when purified tween 80 was employed 
In the latter instance only 1 to 2 determinations were made because of the small 
supply of purified tween 80 

In comparison of the results of the bacteriostatic activities of the compounds on 
the tubercle bacilh when the basal medium alone was employed mth those when 
tween 80 was added to the medium, it was noted that, m the presence of tween 80, 
15 out of 20 compounds were more bacteriostatic Two of the 20 compounds 
(nos 8 and 16) were almost equally bacteriostatic m both media, whereas 3 
compounds (nos 14, 15, 17) produced much less inhibition of growth when tween 
80 was added to the medium 

Albumin added to the basal medium, with the possible exception of 7 com- 
pounds (nos 1, 2, 3, 4, 18, 19, 20), decreased the bacteriostatic activity of the 
compounds An analysis of the effect of tween 80 in the presence of albumin 
on the bacteriostatic end points of the compounds was difficult, in that albumin 
alone decreased the tuberculostatic effect of most of the compounds, but tween 
80 alone increased it In most cases, however, it might be assumed that the 
albumin counteracted the effect of tween 80 since, in the tween-albumm medium, 
only 5 compounds (nos 1, 2, 3, 18, 20) were more bacteriostatic than they vere 
in the basal medium alone Four compounds (nos 4, 7, 12, 19) gave approM 
mately the same results, but the remaining 11 compounds w ere less bacteriostatic 
than m the basal medium 

In the presence of punfied tween 80, 7 of the 14 compounds tested were e^s 
bactenostatic than in the presence of unpunfied tween 80 The reniaining 
compounds inhibited bacterial growth approximately the same in hot me la 

’ Polyoxyethylene sorbitan monooleate -nnirnit 

< Prepared by Leonard Doub of the Parke, Davis Research Laboratories, Ve 

Michigan 
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The bictcnostatic activity of 12 of the 13 compounds tested i\ as essentially the 
same in both the purified tween-albumm medium and in the unpuiified tv,een- 
albumin medium 

To determine whether the effects produced by tween 80 on the bactenostatie 
actmty of compounds for M htbcrculosts could be reduced by decreasing the 

TABLE 1 


The effect of iicccn SO tn the presence and absence of 0 S per cent crystalline bovine albumin, on 
the tuberculostatic activity of various compounds 


ho 

COMPOUND 


1 

ALBUMIN 

1 BA£ + 
TWEEN 80 

DJI + 
TWEEN 80 
ALBU 
V3N 

BJI + 

pubuted 
TWEEN 80 

+ 

PURIFIED 
TWEEN 80 
H-albu 
MIN 

1 

Sulfanilanude 

1 ot 

1 0 

6 6 

4 0 



2 

Sulfapj ridine 

1 0 

1 0 

16 0 

8 0 



3 

Sulfnthiazole 

1 0 

0 82 

8 6 

8 6 

8 6 

8 6 

4 

4-Allylamino-4'-armno diphenyl 








sulfone 

1 0 

0 83 

6 2 

0 8 

6 2 

0 S 

5 

2 Nitro 5 sulfamlyl thiophene 

1 0 

0 47 

9 6 

0 73 



6 

2,2'-Dimtro-5,5'-dithienyl sulfone 

1 0 

0 49 

2 7 

0 34 

2 7 

0 34 

7 

4,4'-Diamino diphenyl sulfone 

1 0 

0 75 

10 4 

1 4 

2 7 

0 88 

S 

2-Methyl naphthoqmnone 

1 0 

0 47 

1 3 

0 16 

0 36 

0 03 

9 

p-Xyloquinone 

1 0 

0 5 

2 2 

0 66 

i 


10 

1 , 4-N aphthoquinone 

1 0 

0 21 

2 9 

0 27 



11 

2-Cliloro-l ,4-naphthoquinone 

1 0 

0 54 

2 4 

0 56 

1 4 


12 

8-Hj'droxyquinoline 

1 0 

0 47 

4 4 

1 0 

1 2 

0 78 

13 

2,6-Dibromo-3,5 dimethj 1-4-chloro 








phenoxyacetic acid 

1 0 

0 7 

3 2 

0 70 

1 2 

0 90 

14 

p-Aminoazobenzene 

1 0 

0 24 

0 3 

<0 20 

0 26 

<0 20 

15 

2(4'-Aminophenyl)pyridine 

1 0 

<0 0035 

0 0053 

<0 0035 

<0 0035 

<0 0035 

16 

N-p-aminophenyl-piperidine 

1 0 

0 5 

1 3 

0 41 

0 75 

0 37 

17 

4'-Chloro-4-aminodiphenyl sulfide 

1 0 

0 1 

0 1 

0 07 

0 075 

0 056 

18 

4-Amino-2-hj drovybenzoic acid hy-' 








drochloride 

1 0 

0 95 

18 5 

15 0 

18 5 

15 0 

19 

/S-(Indole-3)-propiomc acid 

1 0 

0 8 

3 6 

1 1 

1 0 

1 0 

20 

Chloromycetin 

1 0 

1 0 

8 0 

4 0 




* Basal medium 

t The figures in this table and subsequent tables indicate the bacteriostatic index which 
was found by dividing the lowest bacteriostatic concentration of each compound in the 
basal medium by the lowest bacteriostatic concentration obtained in each of the other 
media, therefore, the values above 1 0 mdicate greater bactenostasis, whereas the values 
below 1 0 indicate less bactenostasis than found in the basal medium 

concentration, smaller amounts of tween 80 were employed both with and with- 
out 0 2 per cent albumm m the medium Five compounds were chosen which, 
m the presence of tween 80, consistently produced different tuberculostatic end 
points than were found m the basal medium alone The results are found m 
table 2 A 4-fold decrease m the amount of tween 80 m the basal medium did 
not markedly affect the bactenostatie end pomts 
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Since tween 80, according to Da’ins and Dubos (1946), maj^ contain as much as 
0 6 per cent by weight of free oleic acid, or 0 3 mg per cent oleic acid m the 
medium when tween 80 is employed m a concentration of 0 05 per cent, 4 con- 
centrations of oleic acid, m the presence and absence of albumm, were added to 


TABLE 2 

The effect of smaller concentrations of tween 80, in the presence and aisence of 0 S per cent 
crystalline bovine albumin on the tuberculostatic activity of 6 compounds 


COUPOUND 

Bjr • 

ALBUIOK 

co'uxuTsAno'i or twees SO m pei ceki 

BAI + 
tween SO 
(OOS) 

+ 

tween 80 
(0 05) + 
albumin 

BAI -t- 
tween 
80 

(0 025) 

tween 80 
(0 025) + 
albumin 

BJJ + 
tween 
SO 

(0 0125) 

Bil + 
tween 

rx' 

mia 

Sulfathiazole 


1 0 


8 0 



8 0 

8 0 

2,2'-Dimtro-S,5'-dithienyl sol- 



1 

i 

i 

1 

1 

1 


fone 

lO 

0 25 






0 25 

4-AIlj laimno-4'-amino-(ii- 






1 


1 

phenjl sulfone 


1 0 


2 0 


2 0 

iiW 

2 0 

2(4'-Aminophen3 Dpyndine 









4-Amino-2-hj'drovybenzoic 









acid hj drochlonde 


1 0 



8 0 

8 3 

8 3 

8 3 


* Basal medium 


TABLE 3 


The effect of varying concentrations of oleic acid, in the presence and absence of OS per cent 
crystalline bovine albumin, on the tuberculostatic activities of 5 compounds 





CONCEKTBAnOV OF OlXIC ACn> inXLICEAilS CEKT 


COi£POtn«D 

BJt* 

+ 

ALBP 

iIZ^ 

B3r -h 
oleic 
aad 
(0 6) 

BM -f 
olac 
aad 
(0 6) + 
Blbumm 

BJM + 
oleic 
aad 
to 3) 

BJ^ + 
oleic 
aad 
(PJ)-b 
albumin 

BM + 
oleic 
aad 
(0 15) 

BM + 
oleic 
aad 
(0 15) + 
albumin 

B3I + 
oleic 
aad 
(0 0 75) 

BN + 
oleic 
aad 
(0075) 
+ albo* 
DUD 

Sulfathiazole 

I 0 

I 0 

is 0 growth 

1 0 

J 0 

1 0 

2 0 

1 0 

2 0 

1 0 

2 2^-Dinitro-5 S^-di 
thienyl sulfone 

1 0 

0 625 

Iso growth 

0 125 

32 9 

0 I2o 

16 0 

0 5 

8 01 

05 

4-Allylainino-4^-ainino- 
diphenvl sulfone 

1 0 

0 5 

No growth 

1 0 

8 0 

0 5 

1 0 

0 5 

1 0 

0 5 

2 (4 Ajmnophenyl )pyn 
dine 

4- \iiiino-2-hvdroxybeQ- 
roic aad hydrochlonde 
None 

1 0 

1 0 
Good 
growth 

0 00092 

1 0 
Good 
growth 

No growth 

No growth. 
No growth 

0 00046 

2 0 

Good 

growth 

0 45 

35 4 
Slight 
growth 

0 00046 

2 0 

Good 

growth 

1 0 

4 1 
Good 
growth 

0 00092 

2 0 

Good 

growth 

1 0 

2 0 
Good 
growth 

oooor 

20 

Good 

gnnrtii 


* Basal median 


the basal medium and tested with each of the foregomg 5 compounds agam^ 
H37Rv This was done to determine whether free oleic acid might be the su 
stance m tween 80 responsible for the observed alteration m bactenostatic 

actmty The results are shown m table 3 c i ftp 

As mdicated m table 3, 0 3 mg per cent oleic acid or less had no effect on tn 
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tuberculostatic action of sulfatluazole and 2(4'-aininophenyl)pyndine, this was 
in contrast to the results found with tween 80 incorporated m the medium 
Oleic acid in 0 3 mg per cent concentration increased the bacteriostatic action of 
4-allylammo-4'-am]nodiphenyl sulfone and 4-amino-2-hydroxy-benzoic acid hy- 
drochloride to a degree similar to that noted upon the addition of tween 80 to the 
basal medium The 0 3 mg per cent concentration of oleic acid increased the 
bactenostatic action of 2,2'-dimtro-5,5'-dithienyl sulfone 32-fold as compared 
to a 2-fold increase produced by tween 80 As the concentration of the oleic 
acid was decreased by half, the bactenostatic action of this compound was 
reduced one-half 


niSCTJSSION 

It IS apparent from these results that both unpimfied and purified tween 80 
mcreased the bactenostatic activity of many of the compounds, did not affect 
the action of some, and reduced the bactenostatic activity of a few The addi- 
tion of albumin alone to the basal medium reduced the bactenostatic action of 
thema]onty of the compounds, but did not mcrease the degree of bactenostasis of 
any In the presence of albumm, unpunfied tween 80 still markedly mcreased 
the bactenostatic activity of 5 compounds (nos 1, 2, 3, 18, 20), none of which 
was affected by the presence of albumm alone, and notably decreased the inhibi- 
tion of growth of 3 compounds (nos 14, 15, 17) Unpunfied tween 80 and pun- 
fied tween 80 gave approximately the same results with 7 out of the 14 compounds 
tested With the remainmg 7 compoimds, however, purified tween 80 produced 
less inhibition of bactenostasis than the impunfied tween 80 
The bactenostatic activity of chloromycetm was mcreased m the presence 
of tween 80, and this activity was only shghtly decreased by albumm This 
agrees with the results found with three other antibiotics streptomycm (Fisher, 
1948), pemciUm (Kirby and Dubos, 1947), and subtihn (Anderson and Wong, 
1946, Anderson, 1947, Youmans, 1948) 

Bloch, Erlenmeyer, and Suter (1947) m testmg 7 compounds found that tween 
80 decreased their bactenostatic action on M tuberculosis Sulfathiazole was 
the only compound of the 7 used by Bloch and his associates that was employed 
m this senes of tests Contrary to Bloch’s findmgs, however, tween 80 poten- 
tiated the inhibition of growth produced by sulfathiazole, and this action was 
not decreased by the addition of albumin to the medium Bloch and his asso- 
ciates also found that tween 80 decreased the inhibition of growth by strepto- 
mycm, which is m contrast to the findings of Fisher (1948) 

Forrest, Hart, and Walker (1947) reported on one compound, 5-ammo-2- 
butoxypyndme, the bactenostatic activity of which was reduced by the presence 
of tween 80 The same effect was noted with one pyndme compound, 2(4'- 
aimnophenyl)pyndme, which was employed m this experiment 
The explanation for the divergent results obtained with tween 80 on the 20 
compounds employed m this study is not apparent There appears to be no 
relationship between the action of tween 80 on these compounds and their 
chemical structures, nor did a 4-fold reduction m the concentration of tween 80 
produce significant changes m the results with 5 compounds 
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According to Davis and Dubos (1946), tween 80 may contam as much as 0 G 
per cent by weight of free oleic acid Oleic acid alone, however, had no effect 
on the tuberculostatic activity of sulfathiazole or on 2(4'-aminophenyI)p3mdme, 
although tween 80 had increased 8-fold the inhibition of growth caused by sulfa 
thiazole, and had decreased the bacteriostatic action of 2(4'-aminopheny])pyn 
dme more than 1,000-fold Thus, oleic acid could hardly be the substance in 
tween 80 responsible for these results Oleic acid tested vuth 4-allylamine-4'- 
ammodiphenyl sulfone and with 4-anuno-2-hydroxy-benzoic acid hydrochloride 
increased their bacteriostatic activity to a degree similar to that obtained on the 
addition of tween 80, so that, if present m unpunfied tween 80, it may have been 
responsible for the greater inhibition of growdh observed with tween 80 How- 
ever, purified tween 80 had the same effect as unpunfied tween 80 on these 
compounds Moreover, decreasmg the concentration of tween 80 should loner 
the concentration of free oleic acid, if present, with a consequent reduction of the 
tween effects This did not occur These findings mdicated that free oleic acid 
probably did not account for the observed results The 0 3 mg per cent con 
centration of oleic acid increased 32-fold the inhibition of growth produced b}' 
2,2'-dimtro-5,5'-dithienyl sulfone, although tween 80 had mcreased it only 
2-fold Since this compound appeared to be quite sensitive to the action of oleic 
acid, and only shghtly sensitive to the action of tween 80, the possibility should 
be considered whether the tween 80 “masked” the effect of the free oleic acid 
that might be present in tween 80 Smce sunilar results were obtamed vith 
both purified tween 80 and unpunfied tween 80, and m view of the results ob 
tamed with the other 4 compounds, this would appear unlikely Furthermore, 
smce albumin neutralizes the action of oleic acid (table 3), the mcreased bacteno 
stasis produced by tween 80 (table 1) in the presence of albumin could not be due 
to free oleic acid 

The mechamsm whereby tween 80 produces either mcreased or decreased bac- 
tenostasis, depending upon the compound, is not clear It is possible that the 
former effect may be a function of its surface-active properties, permitting a 
more mtimate contact between the drug and the surface of the bactenal cell 
(Kirby and Dubos, 1947) In this connection, however, it should be noted that 
tween 80 is also bacteriostatic for tubercle bacilli (Sattler and Yoiimans, 1948), 
and the mcreased bactenostasis with some of the compounds m the presence o 
tween 80 rmght be due to a combination of bactenostatic effects Smce the bac- 
teriostatic activity of some compounds is also markedly reduced by tween 80, the 
tween 80 may combme with these compounds to reduce the effective concentra 
tion In this respect it would function in a manner similar to the albumin 

The irregular results produced by the presence of tween 80 on the tuberculo- 
static activity of compounds mdicate the desuabihty of employmg as simp e o 
chemically defined symthetic medium as is possible for the growth of the bacteria 
This IS necessary m order to analyze accurately the relative bacteriostatic ac 
tivity of compounds In conjunction with this test, plasma, serum, or a unnn 
can be added to the synthetic medium of a second test to determine the mac n a 
tion of the compound by protem 
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CONCLUSIONS 

“Tween 80” m a synthetic medium, as compared to the synthetic medium 
alone, mcreased the tuberculostatic activity of 15 out of 20 compounds, decreased 
the activity of 3 compounds, and had no effect on 2 compounds 

Crystalhne bo^^ne albumin decreased the inhibition of groivth of 13 out of the 
20 compounds 

In the tween-albumm medium, 5 compounds were more bactenostatic than m 
the basal medium, 4 gave approximately the same results in the two media, and 
the remaimng 11 vere less bacteriostatic than m the basal medium 
In the presence of purified tween, 7 of the 14 compounds were less bacterio- 
static than m the presence of unpurified tween 80 The remaimng 7 compounds 
inhibited bactenal grovi,h approximately the same amount m both media 
The bactenostatic activity of 12 of the 13 compounds was essentially the same 
in both the purified tween-albumm medium and m the unpunfied tween-albumm 
medium 

Decreasing the concentration of tween 80 4-fold m the medium did not alter 
significantly the bactenostatic levels of the 5 compounds tested 
Under the conditions of the experiments the free oleic acid that may be present 
m tween 80 apparently was not responsible for the effect of tween 80 on the 
bactenostatic activities 
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THE EEVERSAL OF BENZIMIDAZOLE INHIBITION OF GROWTH BY 

NUCLEIC ACIDi 
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The inhibitory effect of benzimidazole on the groTirth of Escherichia coli has 
been reported previously by Woolley (1944), who found also that the inhibition 
could be reversed by adenme This behavior led Woolley to suggest that the 
action of benzimidazole involves an mterference with the purme metabolism of 
the microorganism 

The close relation between the purmes and nucleic acids prompted us to ex- 
amme the effect of yeast nucleic acid on the inhibitory activity of benzimidazole 
agamst E call Marked reversals are obtamed as is evident from the data m 
table 1 For example, a companson of the relative growth m group III A with 
that obtamed m group I m the presence of 10 mg per cent benzimidazole and 
no nucleic acid shows an increase m growth rangmg from 55 to 154 per cent 
This reversal by yeast nucleic acid cannot be due merely to its content of 
adenme, for the effect is observed at much lower concentrations Woolley re- 
ported adenme reversals at about 60 mg per cent concentrations Our expen- 
ments at lower concentrations, 5 to 20 mg per cent, comparable with those at 
which marked reversals of inhibition are obtamed with nucleate, showed no 
reversal by the purme In fact, the presence of the purme seemed to mcrease 
the inhibitory effect of the benzimidazole (table 1, group VA) 

It has been observed also that the nucleic acid has a stimulatmg effect on the 
growth of E coll m the synthetic medium of MacLeod (1940) S timula tion by 
nucleic acids and their hydrolyzates has been observed m several other situations, 
for example, by Brewer el al (1946) m Bacilliis anthracis 

To obtam a further insight mto the nature of the antagomsm between benzi- 
midazole and nucleate, quantitative studies of growth rates have been made at 
vanous concentrations of the stimulant and inhibitor These data have been 
analyzed by the Lmeweaver and Burk (1934) method to determme the nature 
of the inhibition Loganthms of the turbidity readmgs have been plotted 
agamst time, and the slopes of the hnear region, the time mterval durmg which 
logarithmic growth was obtamed, have been used as a relative measure of the 
rate constant The reciprocals of these rate constants for vanous concentrations 
of benziimdazole have been plotted m figure 1 agamst the reciprocals of the con- 
centration of the nucleate The progressive mcrease m slope of the fines m 
figure 1 with increase m concentration of benzimidazole, together with the strong 
mdication of a common mtercept, leads one to conclude that the inhibition of 
nucleate by benzimidazole is a competitive one 

* This investigation was supported in part by a grant from the Office of Naval Research 
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TABLE 1 



I 

NUCLEATE 

Figure 1 Competitive inhibition of nucleic acid by benzimidazole in growth of F coh 
m Bathetic medium (2) Each line corresponds to a given concentration of benzimidazole 
indicated in mg per cent 
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GROWTH INHIBITION OF THE H37 STRAIN OP HUMAN TUBERCLE 
BACILLI BY 13-2-THIENYLALANINE AND ITS PREVENTION BY 

PHENYLALANINE 
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j3-2-Thienylalamne has been shown to inhibit the growth of the rat and micro- 
organisms by du Vigneaud and coworkers (J Biol Chem , 169, 385) They 
demonstrated that the growth inhibition conld be prevented by phenylalamne 
These results have been confirmed by Dittmer ei al (J Biol Chem , 164, 761) 


TABLE 1 

Effect of thienylalanine on tubercle bacilli 


TXPTSJ. 
UEKT hO 

TOTAL VOLimE PEU 
ELASE 

0 2 THEENYLALANINE ADDED PEE 
FLASK 

EESDLTS IN CEOWTS 


ml 

mg 



20 

20 

No growth in 60 days 


20 

2 

No growth in 12 days, slight 
growth at 34 days 


20 

0 2 

Normal growth, no inhibition 


20 Normal 
controls 

0 

Some growth in 8 days, maximum 
growth in 34 days 


20 

20 

No growth in 60 days 


20 

20 plus 19 2 mg of 
Dt-phenylalanine 

Some growth in 7 days, maximum 
growth in 39 days 


20 

10 

Very slight growth in 60 days 


20 

10 plus 9 6 mg of 
DL-phenylalamne 

Some growth in 7 days, maximum 
growth in 39 days 


20 Normal 

0 

Some growth in 7 days, maximum 


controls 


growth in 39 days 


and Beerstecher and Shive (J Biol Chem , 164, 53)' ^ Thompson (J Immunol , 
56, 345) reported that amino acid antagonists prevent the normal development of 
vaccmia virus These results suggested an investigation of the effects of ammo 
acid antagomsts on the growth and virulence of the human tubercle baciUus 
In this paper are reported the effects of /3-2-thienylalanme on the m vitro growth 
of the H37 stram of human tubercle bacilh 
The techmque used m these tests was that previously described by Drea 

^ The author is indebted to Professor Karl Dittmer of the University of Colorado for a 
sample of ^-2-thienylalanme and for helpful suggestions throughout this work 
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(Am Rev Tuberc , 63, 353), which consisted of adding increasing amounts of 
/3-2-thienylalamne to Long’s S 3 mthetic medium which, after inoculation, per 
mitted, m the controls, earhest bottom growth m 8 days and profuse surface 
growth m 34 days 

A concentration of 20 mg of /9-2-thienylalanme m 20 ml of medium prevented 
all growth for 60 days Lower concentrations of the antagonist had less or no 
effect on the normal growth of the tubercle bacilh 

When phenylalamne was added together with bactenostatic concentrations 
of thienylaJamne, normal growth was obtamed Typical experimental results 
are given m table 1 


SUMMARY 

jS-2-Thienylalanme inhibited the growth of the H37 strain of human tubercle 
bacilh, and this inhi bition was prevented by added amounts of phenylalanine 
These results mdicate that the growth of the tubercle bacilli can be affected by 
interfering with the metabolism of ammo acids 
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Since the announcement of the isolation of streptomycin, an antibiotic sub- 
stance produced by certain strains of Slreptomyces gnseus (Schatz, Bugie, and 
Wuksman, 1944), an extensive literature has accumulated dealing with this anti- 
biotic and with the organism producing it Although most of the investigations 
are concerned with the production, isolation, and chemical purification of strepto- 
mycin, its antimicrobial properties, and especially its utilization as a chemo- 
therapeutic agent, various reports are also devoted to the isolation of new strepto- 
mycin-producing strains of S gnseus and of other actinomycetes and to the 
development of more potent strains Only a very few of the cultures of S 
g-ns^,. that have been isolated from natural substrates, following the islation of 
the two original cultures m 1943, were found capable of producing streptomycin 
One such culture was reported from this laboratory (Waksman, Reilly, and 
Johnstone, 194G), and one or two from other laboratories (Carvajal, 1946a,6) 
It has been show n more recently (Waksman, Reilly, and Harris, 1947) that by the 
use of selective methods other streptomycin-producing strains can easily be 
isolated and identified 

In addition to S gnseus, certain other actinomycetes are able to form strep- 
tomycin or streptomycinhke substances One such culture w'as described by 
Johnstone and Waksman (1947) as Slreptomyces hlaniensis, another culture was 
isolatedbylrussell, Fulton, andGrant (1947) and was found capable of producing 
a mixture of two antibiotics, one of which appeared to be streptomycin and the 
other streptothnem 


HISTORICAL REVIEW 

The first isolation of an organism described as Actinomyces gnseus was re- 
ported by Krainsky (1914), who obtained this culture from a Russian soil This 
report appeared at the outbreak of the First World War, and the cultureitself was, 
therefore, not available for comparative studies in this country When soon 
afterward a similar culture was isolated from an American soil by Waksman and 
Curtis (1916), the comparative studies had to be based entirely upon the de- 
scription of the culture made by Krainsky Although the cultural character- 
istics of the new isolate appeared to correspond closely to those given for the 
original culture, doubt was expressed as to the identity of the two cultures, as 
indicated by the statement that “the color of the aerial mycehum is somewhat 
lighter than that described by Krainsky ” 

The culture isolated by Waksman and Curtis grew readily upon synthetic 
media, producing an olive-buff vegetative growth The aerial mycelium ap- 

* Paper of the Journal Senes, New Jersey Agricultural Experiment Station, Rutgers 
University, Department of Microbiology 
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peared at an early stage m the form of a thick powdery mass of a nater green 
color MicroscopicaUy, this mycehum was found to consist of long filaments 
with very httle branching, these fragmented readily into rod-shaped conidia, 1 
to 1 5 by 0 8 p Heavy growth was produced in hquid glucose media It con 
sisted of round colonies (1 to 3 mm in diameter) floating on the surface of the 
medium, with a powdery white aerial mycehum covering the grov'th 
In a further study of the distribution of actinomycetes in various soils, Wats 
man and Curtis (1918) isolated S griseus from three other American soils oh 
tamed from Califorma, Oregon, and Texas Because the ability of actinomycetes 
to produce antibiotic substances was not recogmzed at that time, these cultures 
were not tested either for their capacity to inhibit the growth of bacteria or of 
other orgamsms or to produce substances that had such capacity 
As will be showm later, the streptomycm-producmg strams of S griseus give 
rise to two kmds of variants or mutants, one of which does not produce any anti 
biotic and the other produces an antibiotic that is distinct from streptomycin 
This suggests the possibility that the onginal New Jersey culture may have had 
the capacity of producing streptomycin or another antibiotic but that this prop 
erty was lost upon continued cultivation on artificial media, or that inactive 
vanants or vanants possessing a different kmd of activity were produced dunng 
these three decades of artificial cultivation of this culture 
One of the most important charactenstics of /S gnseus is its marked varia 
bihty when it is grown on artificial media This was recognized in the early 
studies of this orgamsm, as is brought out by the following quotation (Waksman, 
1919) 

Even more striking than the morphological are the physiological variations Thc'e 
depend chiefly on the substratum of the mother culture, temperature and length of incuba 
tion, amount and kind of inoculum (vegetative or aenal mycelium or spores) For example, 
a certain culture {.A griseus) may at one time clot the milk at 37° in 2 days and then pep 
tonize it (dissolve the clot) in 5-6 days, at another time, the same culture, under the same 
conditions, will clot the milk only in 5-6 days, then peptonize it in 12-15 days, while at a 
third time, some tubes may not show any clot at all, and the milk is hydrolyzed (cleared up 
without any previous clot) 

The vanability of S griseus is both quantitative and quahtative in nature 
The quantitative differences can be expressed m the ability of different strains 
isolated from different substrates or of different substrains isolated from the same 
culture to produce varying amounts of streptomycin, quantitative \ anations are 
also observed in the charactenstics of the organisms, such as degree of hque 
faction of gelatin, shade of pigmentation of aenal mycehum, etc The qiiahta 
tive differences are vaned in nature, as is showm by the preferential abiliti 
certain strains to grow under submerged conditions of culture and of others o 
grow under surface conditions, by the nature of the aenal mycelium, by the pig 
mentation of the vegetative growth, and by the ability of different strains 
produce antibiotic substances 

From the pomt of view of their abihty to produce antibiotic substances, cert 
vanations among the different strains of S gnseus may be suimnanzcd bne J 
as follows 
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(1) Some, if not most, of the strains of S gnseus isolated from natural sub- 
strates do not produce any antibiotic at all (Waksman, Schatz, and Reynolds, 
1946) 

(2) Some of the antibiotic-producmg strains form streptomycin as the major 
antibiotic, m addition, the 3 ’’ also fonn other antibiotics, as the antifungal sub- 
stance actidione and the anti-gram-positive bacterial agent present m the myce- 
lium of the oigamsm 

(3) Some of the antibiotic-producing strains of S gnseus form gnsem as the 
major antibiotic 

(4) Some streptomycm-producmg strains of S gnseus are more active under 
stationary and others under submerged conditions of growth, they vaiy greatly 
m their quantitative production of streptomycm 

(5) Streptomycm-producmg strams of S gnsms give nse to at least two types 
of mutants One mutant has lost the capacity to produce aenal mycehum and 
streptomycm (Schatz and Waksman, 1945) The other mutant produces a pmk 
to red pigmented vegetative mycehum and yields an antibiotic that is distinct 
from streptomycm (Waksman, Reillj’-, and Johnstone, 1946) 

(6) Different strams of S gnseus vary greatly m their sensitivity to actino- 
phage The phage active against streptomycm-producmg strams of S gnseus 
IS not active agamst any other strains of this organism (ReiDy, Hams, and 
Waksman, 1947) 

These vanations m strain specificity may help to e\plam certain differences 
observed m the production of antibiotics by freshly isolated cultures of S gnseus 
or by closely related species of Sireptomyces The followmg experiments tend to 
throw further hght upon these vanations 

EXPERIMENTAL RESULTS 

Effect of the addition of streptomycin to the medium upon the selection of active 
strains The fact that streptomycm-producmg cultures of S gnseus give nse to 
mactive vanants and the fact that these vanants are sensitive to streptomycm, 
the active cultures being resistant to this antibiotic (Schatz and Waksman, 1945 , 
Waksman, Reilly, and Johnstone, 1946), suggested the possibihty of utihzing 
the method of enriching plating media with streptomycm m order to elimmate 
mactive strams and to permit the isolation of more active streptomycm-producmg 
strams 

Four cultures of S gnseus capable of forming streptomycm and ongmally iso- 
lated from soil or from other natural substrates were used for this purpose 
These cultures were grown on agar slants, and vanous dilutions of the spore sus- 
pension were plated out, two media being used, one an ordmary nutnent agar 
and another agar enriched with 50 f<g per ml of streptomycm The plates were 
incubated at 28 C and the total numbers of colonies developing weie counted 
The results obtained (table 1) show that the cultures of S gnseus isolated from 
natural substrates vary greatly m the number of streptomycm-resistant colomes 
produced from spores Two of the cultures contamed a much greater percentage 
of resistant colonies than the other two cultures 

A number of colonies were picked from the plates contaimng the two agar 
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media, grown on agar surfaces, and tested for their ability to produce strepto- 
mycin The colonies developing on the sti eptomycin-enriched agar gave no 
better streptomycin-producing cultures than the colonies picked from the strep 
tomycin-free nutrient agar plates Some of the colonies, independent of tho 
medium from which they were isolated, gave more active strains than the parent 
cultures, others gave less active strains The differences obtained among tho 
various colonies were quantitative rather than qualitative One culture (no 
3498) obtained from such a colony produced much less streptomycin under 
stationary conditions than under submerged conditions of growth, as is brought 
out in table 2 

Isolation of non-streplomycin-producing variants The streptomycin-producing 
cultures of S griseus give rise to two types of variants, one of which is inactivo 
antibiotically and produces no aerial mycelium (Schatz and Waksman, 1945) 

TABLE 1 


Sensiltvtly of different slreplomyctn-producing S griseus cultures to streptomycin 
Colonies developing from similar spore suspensions on different media 


CULTURE NO 

fiTBEPTOMYCrV FREE 
hUTRlEMACAR 

STREPTOMVCTN COSTAININO 
NUTRIEST ACAR 

PER CEvr or njiCASisiis 
tESlSTAM VI SO Pk/UL 01 
STREPIUUVHR 

3463 

3,000,000 

97,000 

3 2 

3464 

4,600,000 

3,000,000 

69 1 

3480 

3,150,000 

90,000 

2 9 

3481 

96,500,000 

71,000,000 

73 6 


TABLE 2 


Froduclion of streptomycin by no 3408 grown under submerged and stationary condition) 


EXPER/ifEAT AO 

suoucBccD cBowra 

ETAIIOHABV OROlVTB 

2 days 

6 days 

6 days 

8 IS days 

1 

43 

65 

21 1 

12 

2 

22 

80 

<10 1 

<10 


and the other produces pink to red vegetative grow th and an antibiotic substance 
that is distinct fiom streptomycin The second variant was obtained by plating 
active cultures of S griseus on agar plates and picking those colonies that ^ 
pink to cheiry-red pigmented growth, notably on glucose asparagine agar ° 
greenish-gray aerial mycelium of these strains does not differ much fiom t at o 
the typical 5 gnseus cultures When the pigmented strains are grow n on me la 
favoiable for streptomycin production, no streptomycin is obtained Anot ic 
antibiotic is produced, however, that differs greatly in its bactcnostatic spectru 
from that of streptomycin, especially m its lack of activity against 'sr 
coh and in its very high potency against Staphylococcus aureus (up to 1 , 
dilution units per 1 ml of metabolite solution) Actinophage active agains 
streptomycin-producing strains of S griseus has no effect upon the pmk subslra 
Ihe pink substram was grown on metha commonly Uocd for the produc lo 
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streptomycin Excellent growth, of a deep-red color, was obtained m sub- 
merged cultures The filtrate had a high potency against gram-positive bacteria 
but net against E coh or other gram-negative bacteria The active substance 
was dissolved m ether and was found to be largely active against gram-positive 
bacteria 

Antibtohc achmly of the 1915 S gnseus culture The original strain of S 
gnscus isolated from a New Jersey soil in 1915 was available m two cultures 
one that was kept for over 30 years in the New Jersey culture collection, where 
it has been groivn continuously m synthetic media, and the other, a transfer of 
this culture, that was kept in the Centraalbureau voor Schimmelcultures m 
Baarn, Holland, where it was deposited m 1921 and where it was groivn in organic 
media, such as potato agar The New Jersey culture was tested recently seveial 
times for its abihty to inhibit bacterial groivth, but it shoved no antibiotic 

TABLE 3 

Production of an antibiotic substance by different colony isolates from the 191B culture ofS 

gnscus kept at Baarn, SSSBa 


DILUTION UNITS OP ACTIVITY AGAINST DIPFEKENT BACTERIA 


STBAIK NO 

j Stationary growth 12 days 

Submerged growth 5 days 

E eolt 




B coll 



S aureus 

1 

5 

CO 

30 

50 

50 

>1,000 

100 

60 

2 

5 

150 

225 

275 

<10 

<10 

<10 

<10 

3 

5 

150 

300 

250 

0 

0 

0 

0 

4 

20 

200 

800 

750 

0 

0 

0 

0 

5 

20 

125 

400 

600 

0 

0 

0 

0 

6 

20 

ISO 

500 

300 

<10 

<10 

12 

15 

7 

15 

125 

350 

250 

<10 

8 

15 

15 

8 

15 

100 

400 

350 

<10 

12 

20 

28 

9 

15 

1,000 

250 

600 

40 

600 

225 

600 

10 

15 

150 

350 

300 

<10 

<10 

8 

15 

11 

40 

200 

750 

750 

<10 

<10 

<10 

<10 


activity The Baarn culture, howexer, possessed definite antibacterial prop- 
erties and produced an antibiotic substance m the medium Our attention vas 
directed to this culture by several European investigators vho obtained it fiom 
the Baarn collection and, believing that they were working with one of the strep- 
tomycin-producing strains, grew the culture on a large scale Although they 
found that the culture produced a consideiable amount of some antibiotic sub- 
stance, they V ere unable to isolate any streptomycin by the methods developed 
for the isolation of this antibiotic 

When recently received from Baarn, the culture was plated out, and a few 
individual colonies were picked and transferied to agar slants The colony 
isolates were grown in a glucose peptone meat extract medium commonly used 
for the study of streptomycin production Ihese isolates differed greatly in 
their ability to produce an antibiotic substance, as is brought out in table 3 
Although all the 11 isolates thus obtained vere found to produce an antibiotic 
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when grown under stationaiy conditions, only 2 cultures formed sucli a sub 
stance under submerged conditions of groui;h The activity of tins antibiotic 
against B coh was rathei limited, although it was very active against \ anous 
gram-positive bacteria 

The antibiotic substance produced by the active isolates from the Baam cul 
ture possessed solubility properties distinctly different from those of strepto 
mycin Although the antibiotic was readily adsorbed on nonte, it could not be 
removed from it by acidified alcohol, as is usually the case with streptomycin, it 
was soluble m organic solvents, although only a small part was removed, espe 
cially by ethyl acetate and by chloroform This is brought out m table 4 


TABLE 4 

Comparative bacteriostatic spectra of culture filtrates and isolated preparations from the 
original 1915 strain and the streptomycin-producing strains of S griseiis 


PSEPAfiAUON 

£ colt 

B suhhlis 

B mycDtdti 

S aurtJS 

S griseus Original 1915 culture, Baarn strain 

Culture filtrate, 1 ml 

10 

200 


500 

Total units in solution 





1,150 ml 

11,500 

230,000 


575,000 

Ether soluble* 

100 

1,280 

480 

950 

Ethyl acetate soluble 

500 

2,500 

1,500 

1,375 

Chloroform soluble 

180 

2,400 

600 


Acid alcohol soluble 

200 

525 

210 

52o 

Total units recovered in all fractions 

500 

6,705 

2,700 


S griseus Streptomycin-producing culture 3463 

Culture filtrate, 1 ml 

75 

500 

— 

30 

Total units in solution 





1,000 ml 

75,000 

500,000 

— 

30,000 

Total units recovered 





Acid alcohol preparation f 

40,000 

200,000 

— 

24,000 


* Adsorbed on nonte, treated with various solvents Activity reported for total used 

in this experiment 1,150 ml k vn r 

t Adsorbed on nonte, removed with acid-alcohol, treated with ether, more than 50 pc 

cent of activity was recovered 


Production of different antibiotics by S griseus Different strains of S gnsctis 
are thus shown to vary greatly m their capacity to produce antibiotic substances 
Some of the strains produce streptomycin, others gnsein, still others j leld mu' 
tures of these with other antibiotics This was first pointed out by Canaja 
(1946h), who emphasized the danger of designating an antibiotic substance as 
“streptomycin” merely because it is produced by a strain of S grtseiis or Rcca“sc 
a strain of the latter causes inhibition of bactenal growth comparable to tha o 

the streptomycm-producing strams of S griseus ^ «rnins 

On the basis of their abihty to form antibiotic substances, the various 
of S griseus that have so far been tested can be divided into four groups 
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streptomycin-producing strains, (2) grisem-producing strains, (3) strains pro- 
ducing antibiotics otliei than streptomycin or giisein, as in the case of the red- 
pigmented vaiiant of the stieptomycin strain described above or the Baam 
variant of the 1915 culture, and (4) non-antibiotic-producmg strains 
An attempt vas made to establish whether any morphological or cultural 
differences existed among these four groups of cultures The cultures were iso- 
lated from natural substrates, selected bj’’ colony isolates of older cultures, or 
obtained from other laboratories 

General morphological and cultural characteristics of S griseus S griseus is 
characterized by certain moiphologioal and cultural properties that make possible 
its identification and its ready separation from other species of Streptomyces 
Diechsler (1919) made the fiist comprehensive study of the morphology of S 
gnseus He reported that the aerial mycelium of the orgamsm showed pro- 
liferations of fertile branches at moderately close intervals along the axial hyphae, 
but no spirals This early description and the illustrations correspond well with 
the production of tufts in the aerial mycelium of S gnseus found in recent photo- 
micrographs (Carvajal, 1946a, Reynolds and Waksman, 1948) The early 
description of S griseus (Waksman, 1919) covers the cultural and biochemical 
properties of the organism, which as a rule characterize rather well both the 
streptomycin-producing and gnsem-producing cultures, mth only certain minor 
differences 

;S griseus produces a typical growth on sohd media On glucose mtrate agar, 
it forms a thin, spreading groivth, developing deep into the medium, at first 
colorless, then turning olive buff The pigment of the growth may be lost on 
successive transfers The aenal mycehum is abundant, powdery, and of a 
water-green color Growdh on a potato plug is hchnoid and yellowish or cream- 
colored, the aerial mycehum is powdery with charactenstic greemsh pigmenta- 
tion, the plug remains colorless or tends to become slightly brown On gelatin, 
at 18 C, S griseus produces a cream-colored to greemsh-yellow growth, with 
white-gray to greenish aenal mycehum, the gelatin is rapidly liquefied, without 
the formation of a soluble pigment Milk is rapidly peptonized with complete 
cleanng, with or without previous coagulation 
The organism is strongly proteolytic and can attack starch, sugars, sugar 
alcohols, and organic acids It can obtain its mtrogen from a large vanety of 
compounds, both orgamc and inorganic 
S griseus undergoes a typical life cycle The spores germmate rapidly and 
produce a typical, monopodially branched mycehum, followed by the formation 
of a sporulating mycehum The culture undergoes rapid lysis, especially under 
submerged conditions of growth, until it is completely disintegrated The onset 
of lysis IS accompanied by maximum streptomycin production, the completion 
of lysis is accompanied by a decrease in streptomycin concentration or potency 
The glucose-contaimng media first become shghtly acid, then change to alkaline, 
reaching pH 8 6 to 8 8 dunng lysis of the culture 
The streptomycin-producmg strains of S griseus are subject to destruction by 
actinophage, which is distinct from that of lysis of the culture, as is brought out 
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elsewhere (Reilly, Hams, and Waksman, 1947) Phage-resistant strains arc 
produced readily, although these may still carry some of the phage, the strcplo 
mycin-producmg capacity of such resistant strains does not differ from that of 
the parent cultures 

Cultures used for comparative studies Eleven representative cultures of S 
griseus were taken from the collection for a comparative study of their cultural 
and biochemical properties The source and antibiotic-producing capacity of 
these cultures are shown in table 5 On the basis of their ability to produce 
antibiotic substances, these cultures can be grouped as follows 

(1) The streptomycin producers included nos 34C3, 3404, 3481, and 349G, tho 
last culture being a colony isolate of the first These cultures were all sensitive 

TABLE 5 


Nature and antibioltc activity of cultures studied 


COtLECTlOM 

HO 

OfiJClV or CVLTVBB 

SPECIBUM* 

IsBNfinyfTY BY fSO?5 
:j STBEAK UETUODl TO 

6C«ITIV 
JTY TO 
rilACE{ 



sue 

im 

3326 

1915 culture kept in N J coltection 

0 

++++ 



3320a 

1915 culture kept in Baarn colhction 

+ 

-h-t'-f'-h 



3463 

Original streptomycin-producing 18 16 

±ao 


+ 

+ 

3464 

“ “ “ D 1 

±ac 

+ 

-h-f 


3481 

Freshly isolated strcptomycin-producing 
culture 

±ac 

^ i 

1 

-b 

•f 

3496 

Colony (no 4) from 3463 


0 

-b+ 

-1- 

3478 

Gnsein-produoing, original 25 G 

i: 

++ 

0 

0 

3510 

Produces a griseinlikc substance, IC-F 



0 

0 

3527 

Produces a gnseinlike substance 

± 

+++ 

0 

0 

3495 

Pink variant of 3463 

+ 

+++ 

0 

0 

3522 

Buchcrer culture of S griseus obtained from 
Baarn collection 

0 

++++ 

+++ 

0 


* + >= active against gram-positive bacteria only, db = active against both gram pcsi 
tive and gram-negative bacteria, ±ac = ±, but also active against acid fast bacteria, 

0 = inactive , 

I = very sensitive, -{--f -f- and ++ = Bcnsitive, -h *= slightly sensitive, 0 “oo 

sensitive 

J -p = sensitive to phage, 0 = resistant to phage 

to actinophage, they were resistant, by the cross-streak method, to the anti- 
biotic effect of the original streptomycin-producing culture 34G3 and vere also 
partly sensitive to the effect of the grisein-producing 3478 

(2) The grisein producers included nos 3478, 3510, and 3527 These were 
resistant to the action of actinophage, they were sensitive to the antibiotic cfTcc 
of the streptomycin-producing 3403 and -were resistant to the action o 
gnsem-producing 3478 

(3) Two cultures that produced antibiotics other than streptomycin or 6'^’ 
were included in this group, namely 3526a, the Baam culture derived from tnc 
original 1915 isolate, and 3495, the pmk mutant denved from one of ® 
mycin-producmg cultures These two cultures produced antibiotics that iiaa 
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effect upon gram-negative bacteria They were resistant to actinophage They 
were sensitive to the antibiotic action of 3403, one was sensitive and the other 
was resistant to the action of 3478 

(4) The group of inactive cultures included 3320, the original 1915 isolate kept 
in the New Jersey collection, and 3522, a culture isolated by Bucherer and re- 
ceived from the Baarn collection The were resistant to actinophage and v ere 
very sensitive to both the streptomycin-producing 3403 and the grisem-producmg 
3478 

Morphologically, none of these cultures could be distinguished from another 
They all produced straight aerial mycelium, with a tendency to form tufts, and 
no spirals The manner of sporulation, of spore germination, and of growth 
both in stationary and submerged culture was similar to that reported by 
Dreehsler (1919) and by Carvajal (1946a,5) There were minor variations 
among the cultures, as m the rapidity of lysis and in the pigmentation of the 
aerial mycelium, these variations did not appear to be fundamental m nature 
and could not be associated with the formation of any particular antibiotic 
The cultures were also similar m their charactenstic growth upon different 
media, the variations being more of degree than of kind Some of the more sig- 
nihcant cultural characteristics are listed here 

Growth on gelatin All the cultures grew well on the gelatin, and nearly all 
brought about rapid liquefaction of the gelatin Cultures 3326, 3326a, and 3522 
produced only slow liquefaction, this reduction in proteolytic potency may have 
been the result of the storage of these cultures m collections for many years It 
13 to be recalled that 3326 was origmally one of the strongest proteolytic actino- 
mycetes (Waksman, 1919) 

Only the streptomycin-producing strains formed a brownish pigment in gelatin 
media, this pigment was faint and quite distinct from the type of pigment usually 
produced by the chromogenic actinoraycetes, as, for example, by Streptomyces 
lavendulae or Streptomyces scabies Of the other cultures, 3495, the pink mutant, 
was the only one to produce also a slight pigmentation of the gelatin 

Potato plug All cultures produced a lichnoid, somewhat browmsh growth on 
potato plugs It rapidly became covered with a white, powdery aerial mycelium 
The greenish tinge of this mycelium was more pronounced in the case of the 
streptomycin-producing cultures, the pigmentation of the mycelium either 
remained white or tended to become gray in the case of the other cultures The 
color of the plug was unchanged, except in the case of the streptomycin-producing 
strains, which tended to produce a faint brownish pigment around the groivth 
Nutrient agar Growth was similar for all cultures, being cream-colored and 
lichnoid in appearance The aerial mycelium was powdery, white to light gray 
The only differences observed were m the amount of mycehum covenng the 
growth None of the cultures produced any soluble pigment 
Glycerol agar With the exception of the pink variant 3495, the color of which 
was carmine red, all the cultures produced a thin, cream-colored groivth with 
white to gray aenal mycelium Only the streptomycin-producing strains and 
the pinlc variant produced the typical greenish pigmentation of the mycelium 
Glucose asparagine agar On this medium as well, all the cultures, with the 
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exception of 3495, which produced a vmaceous-co]ored growth, produced a thin 
cream-colored gronth The aenal mycelium was hght gray, varjung in nbun* 
dance mth each culture The greenish tinge of the streptomycin-producing 
cultures and the mouse-gray color of 3522 were the exceptions 

Starch agar and Czapek’s agar Cream-colored growth, similar for all cultures 
except for 3495, m which it was somewhat pinkish to lavender, was produced 
Aenal mycelium of most of the non-streptomycin-producmg strains vas vliite 
to cream-colored, varying in abundance and in shade of color, 3522 produced a 
mouse-gray mycelium, the streptomycin-producing strains, as veil as 3495, were 
covered with a greenish mycelium 

These results show that it is hardly possible to separate any one group frora 
the others in an attempt to create a separate species It could possibly be done 
for the streptomycin-producing group or for the pink vanant The streptomj’cm 
cultures are characterized by their ability to produce streptomycin, their sensi 
tivity to actmophage, the greenish pigmentation of the aenal mycelium, and the 
sbght brownish pigment on gelatm and certain other complex organic media 
The fact, however, that 3326 and 3326a when originally isolated also produced 
the typical watery greenish pigmentation of the mycelium, and also the fact that 
the gnsein-produemg cultures frequently show^ the greenish coloration of tlic 
aenal mycehum, would speak against using this property as a major distinguish 
mg characteristic between constituent groups ^v]thln the species S grtsens The 
vanations m other properties also are not sufficient to justify, for the tunc being 
at least, subdividing this species 


StJMJfART 

Streptomyces griseus (Kramsky emend Waksman and Curtis) Waksman and 
Hennci represents an extremely vanable group of organisms 

Only some of the cultures of S gnseus isolated from natural substrates arc 

able to produce antibiotic substances A few culturesproduce streptomycin, and 

a few form other antibiotics 

On the basis of their ability to produce antibiotic substances, the ^a^ous 
cultures of S griseus have been grouped into four categones (1) those that 
produce streptomycin, (2) those that produce gnsem, (3) those that form an 
antibiotic that is neither streptomycin nor gnsem, and (4) those that do not form 
any antibiotic 

Streptomycm-producing cultures give nse to a number of vanants or mutan s, 
which differ m then capacity to form streptomycin quantitatively under the 
same conditions or under different conditions of cultivation Some o t c 
vanants do not form any streptomycin, others may form a different tjTC o 

antibiotic , ,i,f 

A study of the morphological charactenstics and cultural properties o 

ferent strains of S gnseus revealed sufficient sumlanty between them to justi > 
considenng them all, for the time being at least, as members of a single, lerj 
vanable species 
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The literature concerning the effect of immune serum upon the activities of 
microorganisms has been fully reviewed and discussed by Sevag (1945) Sevag 
and Miller (1948) recently reported that the agglutination of typhoid organisms 
does not inhibit oxygen uptake by the cells, whereas lysed cells show an immedi- 
ate increased rate of oxygen consumption followed by a marked decrease The 
work herein reported consisted of a series of experiments to determine whether 
combination of agglutinins with the cells of a number of Salmonella species had 
any effect on their respiratory activity 

Cells for studies were obtained by cultunng the organism on glycerol thio- 
sulfate agar Sufficient growth occurred in 24 hours to yield a heavy suspension 
of cells suitable for use either as antigens or for enzyme studies Cells were 
suspended m a balanced salts-buffer solution (Harris and Gainey, 1944) and 
■washed twice by centnfuging, after which they were suspended m a concentration 
of approximately 100 times the turbidity of MacFarland nephelometer tube 
no 1, and cooled to 3 C 

Normal adult rabbits were immunized by a senes of intra\enous injections 
of heat-killed cultures The immune serum was obtained by centrifugation 
following clotting of blood removed by cardio-puncture All tests were con- 
ducted the same day the rabbits were bled Agglutination tests to determine 
the antibody titer followed the usual procedure for tube tests 

Oxygen utilization was measured in the Warburg microrespirometer at 37 C, 
following the usual technique of Dixon (1934) Twentieth molar glucose, buf- 
fered at pH 7 0 with phosphate salts, was used as the respiration substrate in all 
experiments Cells grown and harvested in the manner desenbed w'ere quite 
active physiologically and exhibited little or no endogenous respiration Ihe 
methylene blue reduction tests followed the Thunberg technique as described by 
Quastel and Whetham ( 1925) Visual judgment of the complete reduction of the 
dye was taken as the end point Although this method is subject to error, sig- 
nificant differences m the rate of reduction of the methylene blue can be ob- 
served 

In measuring oxygen uptake by microorganisms with the manometric method, 
the formation of hydrogen gas by the cells may lead to significant errors How- 
ever, in no instance m this investigation was a positive gaseous pressure lecorded 
during an experimental period of 2^ hours when nitrogen replaced the air in the 
respiration flasks and alkah was present to absorb taibon dLxoide Hence it 
may be assumed that no appreciable volume of hydrogen was liberated by the 
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ceUs under the experimental conditions This failure to liberate hj drogen 
probably due to the organism’s mabihty to form the necessary adaptn e ennme, 
hydrogenlyase, following growth on the glucose-free glycerol thiosulfate medium 
(Stephenson and Stickland, 1933) The experiments were of such short dura 
tion that no appreciable subsequent growth and enzyme formation could be 
expected to take place in the respirometer 
When either normal or immune serum was added to the bactenal cells, buffer, 
glucose system m the respirometer, an appreciable increase m the rate of oxygen 
uptake was observed as compared to that found when glucose alone was u'ed 
Warren (1945) found that addition of immime serum to luminescent bactem 
gave mcreased hght production He attnbuted this increased activity to the 


TABLE 1 


Average oxygen uptake by Salmonella species on glucose in the presence of normal anl 

immune rabbit serum 




Oj OPIAKE IN mil PZE HODE IN THE PEESEECE Of EABBII SEltBl' 

SPECIES STUDIED 

CELLS PEE 
FLASK 

Normal 



Immune 





0 1ml 

0 Iml 

0 05 

0 025 

0 01 

0 005 

0 031 

S schollmuellert 

bilUons 

1 45 

78 

62 

72 

70 

76 

7G 

7<J 

S paratyphi 

1 67 

134 

136 

153 

131 

119 

m 

116 

S California 

1 67 

105 

95 

103 

103 

107 

107 

104 

S Stanley 

1 43 

i 139 

136 

137 

138 

HO 

143 

13S 

S derby 

1 53 

115 

111 

m 

m 

lie 

lOS 

109 

S typhimuriuin 

2 03 

107 

105 

118 

m 

120 

109 

110 

S galhnarum 

1 27 

45 

U 

Irl 

40 

39 

39 

39 

S pulloTum 

1 60 

70 

78 

69 

71 



73 


* Normal rabbit serum added to give total volume of serum equal to 0 1 ml, xalin'S 
Italicized represent flasks with sutflcient agglutinin to give complete agglutination 


utilization of metabohtes present m the serum In order to eliminate xanations 
due to such differences, compansons were made of oxygen uptake of Salmonclh 
in normal and immune sera and in mixtures of these \^Tien the quantitt o 
immune serum w as less than 0 1 ml, normal serum was added to bnng the tofa 
volume of serum to 0 1 ml In this w'ay the quantities of metabolites and the 
quantity of the natural complement added to the respirometer flasks v ere le 
fairly constant 


niSCUSSION OF RESULTS 

The cubic milhmeters of oxygen utilized m 1 hour by eight species of 
neNa m the presence of varying quantities of immune and normal rabbit senim 
shown m table 1 The italicized values indicate experiments in u ic i su 
cient agglutmm was present for complete agglutination of the cells T ic ‘"'P" ^ 
tmation titers of the sera i aned from relatn ely low titer in the case of » a man 
galhnarum to relatn ely high titer for Salmonella schollmvellen The quan i i 
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of agglutinin added to the respiration flasks ranged from a concentration which 
gave no visible clumping of the cells to 500 times the quantity necessary for com- 
plete agglutination 

The quantities of ovj'gen utihzed m normal and in immune serum show shght 
variations, but there was no consistent decrease in respiratory activity that 
could be attnbuted to antibodies The recorded differences might be due to 
shght variations in the quantity of available metabohtes m the sera Varymg 
the ratio of antibody to antigen did not give a zone of optimal inhibition of respi- 
ration 

In the experiments just descnbed, the rabbits were immunized with heat- 
killed bactenal cells, which would give nse only to antibodies against the somatic 
antigens of the dead orgamsms In order to determme whether hvmg bactena, 
with and without flagellar antigens, might produce different results, rabbits 
were imm unized first with killed cultures and then were subjected to moculations 
with h\e broth cultures In other experiments, adult hens were given mtra- 
pentoneal moculations of hve pullorum orgamsms Respiration studies using 
the antisera from these animals gave results similar to those shown m table 1 

The results obtamed m these experiments agree with those reported by Sevag 
and Miller (1948) for the mtact sensitized typhoid organisms None of the 
strains used exhibited marked bactenolysis m the presence of the fresh immune 
serum In several instances the complement concentration was mcreased by 
the addition of fresh gumea pig serum without affecting the rate of oxygen utiliza- 
tion or causmg lysis of the sensitized cells 

Pre limin ary studies of dehydrogenation of vanous orgamc substrates by 
Salmonella species m the presence of blood serum indicated that normally the 
quantity of metabohzable compounds m the serum alone was sufiScient to allow 
rapid reduction of the methylene blue To avoid this comphcation, cell suspen- 
sions were mixed with an equal quantity of fresh normal or immune serum and 
mcubated at 37 C for 3 hours The cells n ere then removed by centnfugmg and 
were washed twice m the balanced salt solution Cells from the immune serum 
were still combined with enough agglutmm to agglutmate on standing a few 
minutes, but neither those from normal nor immune serum reduced methylene 
blue more rapidly m the absence of added substrate than did untreated control 
cells 

Methylene blue reduction time data m the presence of 0 1 molar glucose, 
sodium lactate, and sodium formate are recorded m table 2 These three com- 
pounds were rapidly oxidized by aU the species studied Reduction was almost 
as rapid m the presence of glycerol and manmtol as m the presence of glucose, 
but sodium succinate, sodium gluconate, ethyl alcohol, and sodium acetate were 
utilized only shghtly or not at all Treatment of cells with fresh immune serum 
gave no evidence of inhibition of enzymic activity by antibody m the presence 
of any substrate studied 

Measurement of both oxygen uptake and the dehydrogenase activity of mtact 
cells has demonstrated no significant differences between the effect of normal and 
immune serum on the respiratory actmty of the sahnonellae Apparently, 
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combination of the specific agglutinins with the bacterial cell and their subse- 
quent agglutination have no direct effect upon enzymes responsible for the aiti 
vation of the organic substiate Also, agglutination appaiently does not 
interfere with the mechanism for transporting electrons between the sub 
stiate-activating portion of the respiratory system and that part combining 
with molecular oxygen 


TABLE 2 

Time in minutes required for the reduction of methylene blue by Salmonella species treated 

With normal and immune serum 


SPECIES 


CELtS TKEATrO WITS NOSUAt 
SESUil 


CELLS TSEATEp niTS UOIPKC 
SEfiUM 


Sodium lactate 


S pullorum 

S paratyphi 

S Stanley 

S typhimurium 

min 

15 

15 

22 

60 

mm 

IS 

15 

20 

65 

Glucose 

S pullorum i 

25 

25 

yS paratyphi 

15 

15 

S Stanley 

20 

20 

S typhimurium 

65 

65 

Sodium formate 


S pullorum 

40 

40 

S paratyphi 

40 

45 

S Stanley 

15 

16 

S typhimurium 

35 

30 


SUAIMARY 

Oxygen uptake, with glucose as the substrate, by eight species of Salmonella 
occurred at essentially the same rate when the cells were m the presence of fresh 
immune rabbit serum as when m fresh normal serum Varying the proportions 
of agglutinin to cells over a wide range, with sera of both high and low titer, gave 
no indication of a zone exhibiting antienzyme activity affecting respiration 
Dehydrogenase activity of four species was studied upon nine organic substrates 
Reduction of methylene blue m the presence of a specific substrate occurred at 
the same rate when the cells were treated with fresh unmune serum as wit 
normal agglutmin-free serum 
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Although it IS generally realized that the bacteriostatic activities of acidic 
substances as a rule increase as the pH of the culture medium is lowered, there 
appeals to be m the literature no information on the rates at which such changes 
occur in terms of the concentrations and the ionization constants of the sub- 
stances and the pH of the medium In this paper are presented some data on 
the bacteiiostatic powers of a number of nitrophenols for which the inhibiting 
concentiations at different culture pH values were determined 

As test organisms cultures of Eschenclna coh and Banlliis mesenlencus were 
used, and foi media both extract broth and simple chemically defined media were 
employed Smee the results -with the two species and the two media were 
essentiallj’’ the same, only the data obtained with E coh grown in extract broth 
will be given 

The bioth and the broth solutions of the compounds were adjusted with HCl 
or NaOH to pH values of 5 5, 6 5, 7 5, and 8 5 The concentrations of the 
substances under test were, as a lule, decreased m 3 4 ratio by transferring 
15-ml volumes through tubes contaimng 5 ml of broth This gives a logarit hmi c 
reduction in concentration to of the original value through a senes of nme 
tubes The moculum consisted of one drop of a 1 1,000 dilution of an 18-hour 
broth cultuie, and incubation was at 37 C 

The bactenostatic value of a substance was taken as the lowest molar concen- 
tration preventing visible growth for 4 days, and the final value used was the 
geometric mean of several determinations, usually four or five These figures 
are included in the following table of the compoimds with their pKa constants 
An examination of the graph, from which the curves of several of the com- 
pounds ha\e been omitted for the sake of simplicity, shows that, m general, 
the more acid a substance is, the greater is the effect of pH change upon its 
bacteriostatic power m-Nitrophenol, with a pKa of 8 3, is but little affected 
throughout the range of culture pH studied, whereas a compound such as 2,5- 
dmitrophenol, pKh 5 1, increases rapidly m potency as the pH falls The 
behavioi of piciic acid may be due m part to the fact that it is present almost 
exclusively in the ionic form, and, as a rule, cell membranes are lelatively 
impermeable to such anions The irregular action of picric acid is duplicated at 
a high pH (8 5) by the other more acidic compounds 
The beha%nor of the nitrophenols contrasts markedly with that of the large 
senes of acridme derivatives studied by Albert and his colleagues (1945) The 

* Aided by a grant from the Office of Naval Research 
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latter substances seem to owe their activity to the cation, so that the most basic 
and hence most highly dissociated compounds are the most effective bacteno 
static agents The activity is directly proportional to the concentration of 
cations existing at the culture pH values studied and is appaiently due to com- 


TABLE 1 




JIOLAI CO ICESraATlONS I*.1UBlinT AT pH \AIVU 


pKa 


or 




S 5 

6 S 

7 5 

S 5 

w-NitrophenoI 

8 3 

0028 

MM 

0028 

005 

p-Nitrophenol 

7 1 

0007 

■iil 

0025 

0044 

2-Amino,4-nitrophenol 


002 

0033 

008 

025 

2,5-Dinitrophenol 


00011 


0011 

0044 

2-Amino,4,6-dinttrophenoI 


00056 

003 

on 

02 

2,4-Dinitrophenol 

4 0 

00028 

0011 

0056 

016 

2,G-Dimtrophenol 

3 6 

00032 

0016 

on 

018 

2,4,6-Trinitrophenol 

0 8 

0035 

009 

014 

014 



petition of these vnth hydrogen ions for some position on an enzyme surface 
Since the oil-water partition coefficients of the active aciidmes are close to uni j, 
it IS deduced that the bacteriostatic action takes place in the aqueous phase, 
probably at the cell surface 

With the mtrophenols, on the other hand, there is no apparent relation- p 
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between the coneentrations of the anions of the bactenostatie substances and 
the concentration of hydroxyl ions This, together \\ ith the decrease in efficacy 
as the anion molecule ratio increases, suggests that the substances owe their 
activity to the undissociatcd compound 

In an effort to ex^plain this behavior of the nitrophencls by established chemical 
principles, the data have been examined from the standpoint of the law of mass 
action An approach similar to that used previously (Ivlotz, 1944) in an analysis 
of sulfonamide action has yielded expressions that are m semiquantitative 
agreement with the observations recorded in this paper 
For the simplest treatment it has been assumed that the phenol is active m its 
nonionized form, that no significant fraction of it is removed by the bacterial 
cnzjTnes or other proteins, and that the effect of pH on these proteins may be 
neglected The first assumption is supported by the results reported m this 
paper and by the work of ICrahl and Clones (1938), who found, with similar sub- 
stituted phenols, that the inhibition of cell division in the case of Arbacia punclu- 
lala eggs is dependent on the concentration of the phenol molecules in the ex- 
ternal medium, and hence m the cell, and is independent of the concentration of 
the anions The second assumption is, of course, quite arbitrary and is made 
only as a first approximation to simplify the theoretical treatment This 
assumption is ehmmated in the second treatment, which is described below 
The third assumption is based on a picture of binding occurrmg by a hydrogen 
bridge between the nonionized phenol molecule and an anionic carboxylate 
group on the protein In the region under investigation, pH 5 5 to 8 5, the 
carboxyl groups are completely ionized and not subject to modification by 
changes in acidity 

For the purposes of the following derivation we may set up these definitions 

HD = nonionized phenol 
D“ = ionized phenol 

C = HD -k D“ = total phenol required to produce bactenostatis 


From the law of mass action one may write the equihbnum expression 

(H+)(D-) _ 

(HD) 


( 1 ) 


where K is the ionization constant of the drug It follows immediately with the 
aid of equation (1) that 


C = 


(H'^)(D~) 

K 


+ (D-) 


( 2 ) 


It IS desired to know the variation of C with (H+) under conditions such that 
(HD) IS kept constant and bacteriostasis is maintained For this purpose one 
may differentiate equation (2) with respect to (H+) to obtam 

dC _ H+d(D“) (D-) , d(D~) 

d(H+) K d(H+) K d(H+) 


( 3 ) 
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Since 


(D ) = C - (HD) 


then 


since (HD) is constant 


d(D-) 


dC 


d(H+) d(H+) 

Hence equation (3) becomes 

dC 


0 = (H+) 


d(H+) 

Consequently, one may obtain the expression 
(H+) dC dlnC (D') 


+ (D') 


C d(H+) 
Therefore, 


dIn(H+) 


(D') 


K 


C 


(HD) + (D-) K+(H+) 


(4) 


(5) 


( 6 ) 


(7) 


K 


d log C _ 
d ph " K“+ (H^ 


( 8 ) 


From equation (8) it is evident that when the drug is a very weak acid, (H"^) m 
the cultuie range is ahiays greater than K and the slope of the log C-pH lino 
will be a small number approaching zero This is the observed behavior with 
m-nitrophenol (pK 8 3) until pH 8 5, at w'hich (H+) and K are comparable in 
size and the slope should, and does, increase For such compounds as p-nitro 
phenol (pK 7 1) and 2-amino-4-nitrophenol (pK 7 0) where the pK values fall 
in the culture pH range, the slope should tend to rise as the culture pH rises 
This is seen to be the case With the very acid compounds, (H+) m the de- 
nommator of equation (8) is negligible and hence the slope should be 1 and 
mdependent of pH in the culture range For 2,5-dinitrophenol (pK 5 1) and 
2,6-dinitiophenol (pK 3 6) the slopes are substantially constant except perhaps 
at high pH for the latter drug On the other band, the expeiimental observa- 
tions definitely depart from theory m that the slopes for these very acid phenols 
are not umty, though they do tend to mcrease tow^ard 1 as the acidity of the 
drug mcieases The largest slope found in this study is 0 75, with 2,6 di- 
mtrophenol 

The basis of this discrepancy probably lies m the assumption that none of the 
phenol IS removed by the bacteria It has seemed appropriate, therefore, to 
develop an expression for the slope of the log C— pH plot which takes mto account 
the possibility that a significant portion of the nonionized form maj^ be bound by 
the bacteria For this purpose we must revise our definition of C to 

C = HD + D- -f PHD 

and we define T, the total protein present, by the expression 

T = P -f PHD 
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Since we aie now considering two equilibria, we must set up two equilibrium 
constants 


(H+)(D-) _ 
(HD) 

(HD)(P) _ 
(PHD) 


( 1 ) 

(9) 


With these definitions and equilibrium expressions, one can derive the followmg 
equation for the slope, by a proceduie analogous to that described above, if we 
assume that bacteriostasis is mamtamed by keepmg constant values of bound 
phenol, PHD 

{d log C\ ^ K 

V dpH /PHD conatant K + (H+)r 1 + P] (10) 

k 


Smce this expression contains two parameters, P and k, which are unknown, it 
IS not possible to predict explicitly the value of the second term m the denom- 
mator Nevertheless, it is obvious that the additional factor (1 + P/k), 
would tend to increase the magnitude of the denommator and hence make the 
slope less than 1 even for very acid compounds It is thus evident that this more 
detailed analysis gives better agreement with the expenmental observations 
Consideration has been given also to the possibility that the phenol may not 
be boimd to caiboxylate ions but rather to a basic nitrogen atom on the protein 
In suc)i a situation the assumption of pH mdependence on the part of the protein 
might be erroneous If one ivishes to take pH effects mto account, it is necessary 
to mtroduce a third equilibnum constant, k 2 , to correlate the acid properties of 
the protem It is convenient to define k 2 , and the auxiliary constants K' and k' 
in the following manner 


(HP+) 

(H+)(P) 


k2 


(HD) _ jr, _ 1 
(H+)(D-) K 


(PHD) _ _ 1 

(P)(HD) k 


( 11 ) 

( 12 ) 


(13) 


By differentiation and algebraic manipulation sunilar to that descnbed already 
one obtams a more detailed expression for the slope of the log C — pH curve 

d log C 1 - K'k 2 (H+)=* 

d pH [1 k2 (H+)][l + K'(H+)] + K'k'(H+)[T - (PHD)] 

It is apparent, however, that this relationship is quite unwieldy and hence of 
little immediate value m connection with the present problem 
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CONCLUSIONS 

For most members of a group of nitrophenols examined, the changes m 
bacteriostatic potency at diffcicnt -culture pH levels can be correlated with the 
acid strengths of the compounds A weakly acidic substance (pKa between 8 
and 9) is mhibitive in almost the same concentiation throughout a culture iill 
range of 5 5 to 8 5, whereas a mote acid compound (pKa in the neighborhood of 4, 
for example) may undergo a GO-fold change in potency through the same range 
The acitivity seems to be due to the undissociated molecule of the drug 

By a mass law approach a simple formula may be derived that gives semi- 
quantitative agreement with the experimental findings Two other formulae 
are offered, which would in all probability agree much more closely with these 
facts, were the proper equihbrium constants available 
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Actidione is a chloroform- and water-soluble antibiotic that is produced by 
streptomycin-yielding cultures of Slreplomyces griseus and that, unlike strepto- 
mycin, possesses no marked antibacteiial activity (Whiffen, Bohonos, Emerson, 
1946) It IS, however, highly active against a large number of yeasts, including 
the pathogen Crijplococcus neoformans Actidione has been obtained in pure 
crystalline form (Leach, Ford, and Whiffen, 1947) and its empirical formula has 
been determined (Leach and Ford, 1948) 

The purpose of this paper is to report studies on the production, assay, and 
antibiotic activity of actidione The production by the same organism of 
two easily differentiated antibiotics has offered an opportunity for the study 
of several problems of theoretical interest It has been possible to determine 
the effect of changes in the composition of the fermentation medium upon the 
relative yields of actidione and streptomycin and to demonstrate that the 
amounts of the two antibiotics produced may vary independently of one another 
It was of further interest to determine whether or not the loss by mutation of 
the ability to synthesize one antibiotic would result m an mability to synthesize 
the other antibiotic 


raODUCTION OF ACTIDIOITB 

Effect of composition of medium upon relative yields of streptomycin and actidione 
Actidione was produced in 100-ml aliquots of medium contained m 500-ml 
Erlenmeyer flasks that vere incubated in a reciprocal shaker at 24 C The flasks 
■u ere inoculated n ith 5 ml each of a 72-hour-old vegetative gron th of S gnseus, 
phage-resistant strain RM-241CR (Saudek and Colingsworth, 1947) Assays 
for actidione \\ ere performed by a paper-disk plate method that is to be described 
later Streptomycin was assayed by the method of Loo et al (1945) 

The yields of actidione and streptomycin were first compared in two different 
media, identified as no 25 and no 20 Medium 25 contained the folloiving 
“cerelose” 20 0 g, KCl 4 0 g, CaCOj 8 0 g, (NH 4 )’S 04 5 0 g, dried brewers* 
yeast (Standard Brands no 2019) 2 5 g, KH 2 P 04 0 2 g, distilled water 1,000 ml 
In this medium high yields of streptomycin were obtained, but only small 
amounts of actidione vere produced (table 1) On the other hand, the yield of 
actidione was superior to that of streptomycin in medium 26, whose composition 
v as as follows cerelose 10 0 g, soj^bean oil meal 10 0 g,“curbay B-G” (a distiller’s 
soluble from U S Industrial Alcohol) 5 0 g, CaCOs 1 0 g, NaCl 5 0 g, distilled 
water 1,000 ml (table 1) 
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^ mil be noted, medium 25 is a mixture of inorganic salts to which glucose 
and yeast are added as organic supplements Of a number of organic substances 
tried as a substitute for yeast m medium 25, none, with the possible exception of 

TABLE 1 


Relative yields of achdtone and streptomycin in three different media 


TEIAI NO 

UEDICM 25 

MEDiru 32 

tiEMmi 26 

Acudione 

Streptomyan 

Actidione 

streptomycin 

Actidione 

Streptomj an 


ue/ml 

Mgimt 

ug/ml 


t>g/tnl 

mM 

1 

60 

320 

134 

344 

134 

160 

2 

66 

220 

69 

212 

122 

136 

3 

61 

280 

24 

148 

124 

116 

4 

SO 

240 

210 

344 

276 

80 

5 

45 

272 

117 

212 

300 

260 

6 

10 

164 

158 

240 

284 

190 

7 

52 

82 

160 

264 

384 

20S 

Mean 

49 

225 

124 

252 

232 

164 


TABLE 2 

Effect of various substituents for yeast in medium SB upon the yields of achdtone 


and streptomycin 



SUSSTITCENT TOE YEAST IN UEDITW 25 

ACimiONS 

STSZPTOU^CIK 

g 


Mg/ml 


2 5 

Soybean meal 

27 

68 

2 5 

Soybean meal 

31 

90 

2 5 

Wilson’s solubilized liver 

47 

240 

2 5 

GBI vitamin test casein 

4 

10 

2 5 

N-Z anune 

2 

3 

3 0 

Peptone (Difco) 

8 

13 

3 0 

Beef extract (Difco) 

9 

28 

3 0 

Tryptone (Difco) 

9 

17 

1 0 

GBI casein hydrolysate 

56 

33 

5 0 

1 Brewers’ yeast 

56 

300 

1 0 

Curbay B-G 

<2 

17 

2 5 

Curbay B-G 

136 

204 

2 5 

Curbay B-G 

101 

100 

5 0 

Curbay B-G 

186 

208 

10 0 

Curbay B-G 

170 

108 

20 0 

Curbay B-G 

75 

00 


Yeast omitted 

<2 



solubilized liver, was as effective as yeast m promoting the production of 
mycm, and only curbay B-G was stimulatory to the formation of acti 
(table 2) An mcrease m concentration of curbay B-G from 1 gram to 5 gra 
per liter increased the yield of actidione from less than 2 nucrograms per m ^ 
186 micrograms per ml A concentration of 10 g of curbay B-G per iter 
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inliibitoiy to stieptomycin production and had no further stimulatory effect on 
actidione A still lughei concentiation of 20 g of curbay B-G per liter was I'n- 
hibitoiy to the pioduction of both actidione and streptomycin Furthermore, 
when 2 5 g of cuibay B-G per liter aie added to medium 25 (medium 32), the 
result IS a 100 per cent increase m the yield of actidione over that obtained m 
unmodified medium 25 (see medium 32 m table 1) 

The effect of mutation upon the relative yields of actidione and streptomycin 
As has been shorvn, the relative yields of actidione and stieptomycm that may be 
obtained from any one strain of S griscus are dependent upon the composition 
of the fennentation medium It was also desirable to determine the relative 
jaelds of actidione and streptomycin from a large number of different strains of 
S griseus when all were grown on the same medium This study was carried 
out -mth the co-opeiation of Dr George M Savage of this laboratory, who was 

TABLE 3 


Distribution of yields of streptomycin and actidione among 144 X-rayed isolations of S griseus 
RM -241 when grown on medium ?6A 



NUMBER OF 
ISOLATIONS 

pxecentage 

OF TOTAL 
ISOLATIONS 

Yields of actidione and streptomycin equivalent to that of 
RM-241 

122 

86 

Yields of actidione and streptomycin less than 50% of that of 
RM 241 

7 

6 

Yield of streptomycin average but yield of actidione less than 
50% of average for RM 241 

11 

7 

Yield of actidione average but yield of streptomycin less than 
50% of average for RM-241 

3 

2 


routinely X-raying conidia of S griseus in order to obtain superior streptomycm- 
producmg mutants 

Comdial suspensions of 5 griseus, stram RM-241, were exposed to X-rays 
and streaked out on agar plates The isolations made were cultured in shaker 
flasks containing 100 ml each of a medium that differed from no 26 m contaimng 
0 5 g of curbay B-G mstead of 5 0 g per liter and is designated as medium no 
26A In this medium the mean for streptomycin was 250 micrograms per ml, 
and the mean for actidione was 230 micrograms per ml Culture filtrates were 
assayed for both streptomycin and actidione A total of 144 isolations were 
tested m this way, and the data thus obtamed are to be found tabulated m table 
3 Eighty-six per cent of the X-rayed strams produced amounts of actidione 
and streptomycm that were greater than one-half of the mean for the parent 
stram In approximately 5 per cent of the isolations the yields of both actidione 
and streptomycin were reduced to less than one-half of their means for RM-241 
In 7 per cent of the strams the amount of streptomycm produced was greater 
than one-half the mean for the parent stram, but the amount of actidione was 
less than one-half of its mean In only 2 per cent of the strams was the yield of 
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actidione equal to that of the parent strain and the yield of streptomycin less 
t an the mean for the paient strain Four conditions prevailed among the 144 
isolations (1) the yields of actidione and streptomycin were within the normal 
range of variation of the parent strain, (2) the yields of both antibiotics uere 
reduced by at least 50 per cent, (3) the jueld of streptomycin was normal but ac 
tidione was less than 50 per cent normal , and (4) the yield of actidione v as normal 
but streptomycm was less than 50 per cent normal 
In a further effort to discover the existence of strams m which there had 
occurred a loss m ability to synthesize one antibiotic without an accompanying 
effect upon the yield of the other antibiotic, there were selected for further studv 
38 strams m which the yield of streptomycm was less than 2 micrograms per ml 
and 31 strains in which the yield of actidione did not exceed 20 micrograms per 
ml These 69 strams were grown m shaker flasks on medium 25A and assayed 
for streptomycm and actidione Of the 38 strams that were mactive in respect 
to streptomycin, 25 produced no actidione, and 13 produced less than 50 micro 
grams of actidione per ml None of these strams were normal m respect to the 
yield of actidione However, among the 31 strains producing less than 20 
micrograms of actidione per ml there were 8 in which the yield of streptomycin 
was greater than 300 micrograms per ml and 5 that produced less than 2 micro 
grams of streptomycm per ml The yields of streptomycm from the remaining 
18 strams were less than the mean of that antibiotic for the parent strain on 
medium 26A It is possible, therefore, for a loss to occur in the ability to synthe 
size one antibiotic without an effect upon the production of the other antibiotic 
The more frequent condition, however, under the experimental conditions 
employed, was one m which the ability to produce both antibiotics was impaired 


ASSAY OF ACTIDIONE 

The paper-disk plate method of streptomycin assay (Loo el al , 1945) was 
adapted to the assay of actidione The test organism is Saccharomyces paslor- 
lanus ATCC 2366, which is unaffected by concentrations of streptomycm as high 
as 1 mg per ml The assay medium is as follows glucose 10 g, Difco yeast 
extract 2 5 g, KH2PO4 1 0 g, agar 20 g, and distilled water 1,000 ml, pH 60 
The assay standard is prepared with crystallme actidione in 0 1 m PO4 buffer 
at pH 5 0 The following concentrations of actidione are used to obtain the 
standard curve 6 0, 4 0, 2 5, and 1 5 micrograms per ml 

A study was made of some of the factors affecting the reproducibility etc 
actidione assay These factors mclude hydrogen ion concentration, the presence 
of various electrolytes and organic diluents m the assay samples, and the rate 0 
moculation of the assay medium 

The most important smgle factor to be controlled in the assay of actidione 1 
the rate of moculation of the assay medium Increasing concentrations 0 
actidione are required to mhibit increasing concentrations of yeast cells 
decrease m the concentration of yeast cells results in an increase m the diamc cr 
of the zone of inhibition This maiked inoculum size effect is demonstrate i 
figure 1 Each 10-fold mcrease m the concentration of inoculum is accompamc 
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by a 25 to 50 per cent apparent decrease in the sensitivity of the assay, depending 
upon the portion of the assay curve involved 

To deteiTOine the possible effect of pH upon the size of the zone of inhibition 
produced by actidione, dilutions of actidione were made in 0 1 m PO 4 buffer at 
various pH’s to give final actidione concentrations of 10 0, 5 0, 2 5, and 1 25 
micrograms per ml The range of pH was as follows 2 0, 3 0, 4 0, 5 0, 6 0, 7 0, 
7 5, and 7 9 Variations m the pH of the actidione solutions had no measurable 
effect upon the assay Likewise when the pH of aliquots of agar assay medium 
was adjusted to cover a range of 4 0 to 8 0, there resulted no detectable difference 
m the diameters of the zones of inhibition produced by the actidione standard 
Since the presence of electrolytes m solutions to be assayed has been reported 
as havmg marked effect on the assay of streptomycm (Loo el al , 1945), it seemed 



Figure 1 Effect of concentration of inoculum upon the size of the zone of inhibition of 
S paslorianus by actidione 

advisable to determine whether or not the assay of actidione would be influenced 
by salts in the assay solutions Solutions of 0 1, 0 01, and 0 001 molarity were 
prepared of the following salts KCl, MgSOi, FeSOi, ZnS04, NaCl, CUSO4, and 
K2HPO4 + KH2PO4 Actidione was diluted in the various salt solutions to 
concentrations of 10 0, 5 0, 2 5, and 1 25 micrograms per ml Salt solutions 
without antibiotic and antibiotic solutions ^\Ithout salts were run as controls 
At concentrations of 0 01 m and 0 001 m the salts had no effect upon the size of 
the zone of inhibition At 0 1 m CUSO4 exerted a marked toxic effect upon the 
test organism that resulted m enlargement of the zone of inhibition To a lesser 
extent MnS04 and ZnS04 were inhibitory at 0 1 M concentration, but the remain- 
ing salts, KCl, MgS04, FeS04, and NaCl, were nontoxic and without effect upon 
the assay at this concentration 

Of six organic solvents tested for inhibitory effect against S 'paslorianus in 
100 per cent concentration only amyl acetate was toxic At a 50 per cent con- 
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centration amyl acetate was not inhibitory The other five solvents, meth 
anol, ethyl acetate, acetone, ethanol, and tertiary butanol, were nontoxic 
The antibiotic action of actidione agamst S pastonanus was not antagonized 
tn vitro by beef serum nor by the whole blood or serum of the rabbit 


HESISTAKCE OF S PASTORIAITOS TO ACTIDIONE 

Preliminary to the development of the assay for actidione, the stock culture of 
Saccharomyces pastonanus was plated out and 88 colonies picked Cell suspen 
sions were prepared from each isolation and diluted to equal turbidity to serve 
as inocula The amount of actidione required to mhibit completely the growth 
of each strain was determmed by tube dilution assay The results are tabulated 
in table 4 Fifty-five per cent of the strains were mhibited by 0 25 microgram 

TABLE 4 


Sensitivity of 88 strains of S pastonanus to the antibiotic action of actidione 


COKCENTHATIOK OP ACTIDIONE 

NUUBER OF STRAINS COMPIXTELY 
INHIBITED 

PERCENTAGE OP TOTAL 




0 5 

24 

27 4 

0 25 

49 

55 S 

0 125 

13 

14 4 

0 09 

2 

2 4 

0 06 

0 

0 0 

Total 

88 

100 0 


of actidione per ml Only two of the 88 strains were inhibited by less than 0 1 
microgram per ml, and one of these was selected for the assay of actidione 

Smee frequent subculture of S pastonanus was madvisable because of the 
possible appearance of resistant cells, large quantities of cells were grown simul 
taueously m shaker flasks The cell suspensions thus obtamed were diluted to 
desired concentration m PO4 buffer and refrigerated The culture could be 
stored m this way for 3 or 4 months without noticeable deterioration in the 
viabihty of the cells 

S pastonanus developed resistance to actidione rather readily Beginning 
with a stram sensitive to 0 06 microgram of actidione per ml, by successive 
transfers to mcreasing concentrations of actidione, a stram was obtained on t le 
third transfer that was resistant to 4 0 micrograms per ml This represented a 
16-fold mcrease m resistance m three transfers 


ANTIBIOTIC SPECTRUM OF ACTIDIONE 

The range of antibiotic activity of actidione w^as determmed, usmg crystalhnc 
matenal, for 22 yeasts, 14 fungal pathogens of man, and 12 bacteria e 
spectrum previously pubhshed (Whiffen, Bohonos, and Emerson, 1946) a )C 
determmed with an impure preparation of actidione Antibiotic po enc 
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against yeasts and bacteria were determined by tube dilution and agamst the 
pathogemc fungi by an agar streak plate method Actidione, to give final 
concentrations up to 1 mg per ml, was added to tubes contammg 4 ml of the 
folloinng medium Difco peptone 0 75 per cent and Difco yeast extract 0 25 per 
cent , pH 7 2 These tubes were inoculated with bacteria and mcubated 24 hours 
at 30 C Actidione was also added to tubes contammg 10 ml each of the follow- 
ing medium glucose 1 0 per cent, Difco yeast extract 0 25 per cent, and K2HPO4 
0 1 per cent at pH 6 0 These tubes were inoculated from 24-hour-old yeast 
cultures and mcubated at 30 C for 18 hours The yeast mocula were diluted to 
uniform turbidity and 0 1 ml was added to each tube of medium Actidione was 
diluted m an agar medium of the following composition glucose 1 0 per cent, 
Difco peptone 0 5 per cent, Difco yeast extract 0 1 per cent, and agar 2 0 per cent, 
pH 7 0 Agar plates of this medium were streaked with spore suspensions of the 
fungal pathogens, prepared from 2-week-old agar slant cultures, and mcubated 
72 hours at 30 C The antibiotic potencies of actidione were recorded as the 
concentration m micrograms per ml givmg complete mhibition of the test organ- 
ism 

None of the bacteria tested were inhibited by a concentration of 1 mg of 
actidione per ml The 12 species tested were as follows Aerobacter aerogenes 
ATCC 8308, Bacillus mycoides ATCC 6462, Bacillus subiihs ATCC 6633, 
Bacilhis suhtilis ATCC 6051, Escherichia coli lab stram, Phytomonas campestns 
ATCC 7381, Proteus vulgans ATCC 220, Pseudomonas aeruginosa ATCC 9027, 
Salmonella schottmuellen ATCC 9149, Staphylococcus aureus FDA 209, Strepto- 
coccus faecahs ATCC 6057, and Streptococcus pyogenes C-203 Two of the 
bactena, B mycoides and B subtilis ATCC 6633, were obtamed from Dr S A 
Waksman and were the identical strams that are inhibited by Waksman’s 
ether-soluble antibiotic from S gnseus (Waksman et al , 1946) The different 
yeasts vaned widely m their response to actidione (table 5) Nme species were 
completely inhibited by 0 17 microgram per ml, five species were not inhibited by 
1,000 micrograms per ml Of the fungal pathogens only the yeast. Cryptococcus 
neoformans, was very sensitive to actidione (table 6) In this connection, it 
should be noted that other strams of the same species of pathogens or the para- 
sitic forms of these orgamsms might exhibit greater sensitivity to actidione than 
these results would mdicate 

TOXICITY OF ACTIDIONE 

The LDm for actidione was detenmned m five different animals by Dr M 
J VanderBrook of the Pharmacology Department of The Upjohn Company 
The acute toxicity was as follows (1) LDm m rats by subcutaneous mjection was 
2 7 mg per kg, by mtravenous mjection, 2 5 mg per kg, (2) LDw m cats by mtra- 
peritoneal mjection was approximately 4 mg per kg, (3) LDm m rabbits by m- 
travenous mjection was 17 mg per kg, (4) LDm m gumea pigs by subcutaneous 
mjection vas 60 mg per kg, and (5) LDm m mice by mtravenous mjection was 
150 mg per kg 
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TABLE 5 


Yeast spectrum of actidtone 


TEST OBCANISU 

tic/ui iKniDiuso 

Nematospora phaseoli ATCC 2201 


Ptchia membranaefaciens ATCC 2254 

fj 17 

Saccharomyces carlsbergensis ATCC 9080 

fl 17 

Saccharomyces ellipsoideus var burgundy ATCC 4123 

0 17 

Saccharomyces fragihs ATCC 2360 

0 17 

Saccharomyces pastorianus ATCC 2366 

0 17 

Schwanniomyces occidentalis ATCC 2320 

0 17 

Sporobolomyces salmonicolor ATCC 623 

0 17 

Torulaspora fermenlali ATCC 2551 

0 17 

Rhodolorula glutinis ATCC 2527 

0 31 

Hansema apiculata ATCC 2101 

0 02 

Hansenula anomala ATCC 8202 

2 5 

Saccharomyces cerevistae ATCC 7754 

10 0 

Torula ulihs ATCC 8206 I 

10 0 

Asporomyces urae ATCC 7696 

25 0 

Debaryomyces globosum ATCC 2053 

25 0 

Schtzosaccharomyces pombe ATCC 2476 

25 0 

Endomyces magnusn ATCC 2105 

>1,000 

Kloecl era apiculata ATCC 2301 

>1,000 

Mycotorula roseo-corrallina ATCC 6495 

>1,000 

Pilyrosporum ovale ATCC 7253 

>1 000 

Saccharomyces lactis ATCC 8635 

>1,000 


TABLE 6 


Fungal pathogen spectrum of actidtone 

TEST obcanissi* 


Cryptococcus neoformans 
Phialnphora verrucosa 
Monosporium apiospermum 
Blastomyces dermalilidts 930 
Candida albicans 
Coccidtoides tmmilis S19 
Geotrichum sp 
Hormodendrum compaclum 
Nocardia aslcroides 653 
Sporotnchum schenkii 
Trichophyton rubrum 
Trichophyton mentagrophytes NIH 640 
Trichophyton menlagrophyles P 
Trichophyton mentagrophytes F 


itc/uL iNBimmo 


0 24 
12 5 
25 0 
1,000 
>1,000 
>1 OCO 
>1,000 
>1 000 
>1 000 
>1,000 
>1,000 
>1,000 
>1 000 
>1,000 


♦The cultures of fungal pathogens with the exception of T mentagrophytes 

tamed from Dr N F Conant of Duke University T mentagrophytes NIB GiO issso 

tamed from Dr C W Emmons of the National Institute of Health 


SCAEVIARY 

Yields of actidione and streptomycin may vaiy independently of each other 
tvith. changes m the composition of the culture medium A mutation that o 
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stroys the ability of a strain of Streptomyces gnseus to synthesize actidione may 
not have a sunilar effect upon the yield of streptomycin although the more fre- 
quent condition is one m which yields of both actidione and streptomycm are 
decreased by mutation 

A paper-disk plate method of assay of actidione is described This assay 
IS characterized by a marked inoculum size effect 
Antibiotic spectra are given for bactena, yeasts, and fungal pathogens of 
man Actidione was mactive agamst the bacteria tested and highly active 
agamst certam yeasts, mcludmg the fungal pathogen Cryptococcus neoformans 
There is a marked species difference m respect to the toxicity of actidione m 
animals The LDm vanes from 2 5 mg per kg for rats to 150 mg per kg for mice 
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The possible relationship or even identity of the viruses of varicella and herpes 
zoster was first suggested 40 years ago by von Bokay (1909) Since that time 
papers too numerous for detailed consideration have appeared m support of, or 
opposition to, the hypothesis of close relationship or identity Reviews are to be 
found m papers by Rivers and Eldndge (1929a, 5) and by Amies (1934) In 
general, it may be stated that today most observers beheve that many, if not all, 
cases of herpes zoster are caused by the virus of vancella, and that they m turn 
can give nse to new cases of vancella Kundratitz (1925), by the moculation of 
clear flmd from vesicles of herpes zoster, obtained typical zoster lesions, locahzed 
clear vesicles on a reddish base, m 14 of 28 children who had not had varicella 
previously He failed to transrmt the disease to 10 who gave previous histones 
of vancella Of the 14 children with no history of vancella who did not develop 
zoster, 3 showed tj^ucal vancella All moculations were made into hght scarifi- 
cations on the skm The mcubation penod was from 9 to 14 days Successful 
moculation of zoster rendered children immune to subsequent inoculation with 
vesicular flmd from vancella Zoster convalescent serum protected exposed 
children agamst vancella 

Elementary bodies of vancella were flrst described in smears of flmd with- 
drawn from the vesicular lesions by Paschen (1919), and they were subsequentlj’’ 
confirmed by Amies (1933) and van Rooyen and Ilhngworth (1944) Amies 
noted that the elementary bodies could be agglutinated by convalescent serum 
from cases of varicella Ruska (1943) first descnbed the appearance of the 
elementary bodies of varicella under the electron microscope He considered 
them to be round and with a central dot, and separated them from the brick- 
shaped elementary bodies of vaccmia, molluscum contagiosum, and ectromeha 
Only drawmgs were shown, no actual micrographs Independently of Ruska’s 
work and rmaware of it, Nagler and Rake (1948) descnbed the appearance of the 
bodies of vancella under the electron microscope as bnck-shaped and m every 
way, except that of size, resembhng the elementary bodies of the other pox 
viruses The average measurements were 210 by 243 mp, i e , 15 per cent smaller 
than those of the elementary bodies of vanola or vaccima They w ere infrequent 
in the vesicular flmds examined 
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Paschen (1933) foxmd numerous elementary bodies m vesicular fluids from ho 
cases of herpes zoster These elementary bodies resembled those found in 
varicella flmds and could be agglutinated ■with convalescent serum from cases of 
both vancella and herpes zoster Amies (1933) confinned this and pointed out 
further that these elementaiy bodies were plentiful m vesicle fluids 24 to 48 houre 
after onset (earher specimens were apparently not examined) Later, as in 
flammatoiy cells appeared, the ■virus particles decreased m number and by the 
fourth day many of them were clumped together Amies found a certam degree 
of cross agglutination between vancella or zoster antisera and elementary body 
suspensions from the two diseases We know of no record of electron microscope 
studies of the elementary bodies of herpes zoster 


MATEBIALS AND METHODS 


Most of the material used m the present studies came from hospitals of the 
Umversity of Pennsylvama and was collected by three of the authors (H B , 
L L C , and T McN S ), but some was collected at Bellevue Hoqntal, New 
York,® and m the Sqmbb Institute (by F P 0 N and G R ) It consisted of 
flmd removed from the vesicular lesions of herpes zoster or vancella by means of 
the capillary attraction of a fine capillaiy tube The capillary tubes were sealed 
for transportation These fluids were treated m the foUoiving maimer The 
amounts of fluid vaned from 0 1 to 0 5 ml In each case the fluid was diluted to 
0 5 ml with distilled water, or, m later studies, with osmic acid of sufficient 
strength to give a final 1 per cent concentration, and then centrifuged for 20 
minutes at 2,000 rpm The sediment was discarded and the supernatant centn 
fuged at 15,000 rpm for 1 hour Both supernatant and sedunent were saved for 
examination, but m general only the sediment gave sigmficant results Itnas 
resuspended in distilled water to the ongmal volume The suspension of sedi 
ment so obtamed was placed on collodion membranes and dned m the usual way 
In the case of one fluid (S S ) the techmque was vaned shghtly A 0 16 ml 
amount of vesicle flmd was diluted to 0 75 ml with physiological sabne It was 


then treated as descnbed above except that the final sediment on the screens was 
washed once ■with distilled water Specimens were examined in all cases under 
an EMU electron microscope by both direct visuahzation and ■visuabzation after 
use of the shadow-casting techmque using gold (Williams and Wyckoff, 1S45) 


RESUirrs 

The results of electron microscope studies on vesicle fluids from vancella bare 
been descnbed elsewhere (Nagler and Rake, 1948) Studies earned out wi 
matenal m the present senes have given us even better bnck-shaped examp ® 
the vancella elementary bodies than those published hitherto Typical examp cs 
appear m figure 1 and 2 The average size of all the shadowed elemen an 
bodies of vancella w e have studied so far is 210 by 243 mu The ratio of leogta 

• Our thanks are due to Dr Frank C Combes, Dr William S Tillett, and Dr h F 
Holt, through whose kind co-operation these specimens were made available to us 
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to bieadth, 1 16, coiiesponds to a latio of 1 24 obtained foi both vaiiola and 
■\accinia, sho^\lng that the shape is in geneial the same for all thiee elementaiy 
bodies Of couise, lounded foims aie found m all thiee cases Suiface iiregu- 
laiities occui as have been desciibed foi the othei po\ viiuses, and these un- 
doubted! j might appeal as internal dots such as have been desciibed by Ruska 
(1943) 

In oui eailiei studies w ith vesicle fluid fiom heipes zostei very fev bodies v ere 
seen that could be lecognized as of any possible significance Thus m 7 of 8 
fluids collected 24 to 144 houis aftei the fiist appeaiance of the vesicle only single 
bodies, 01 on thiee occasions pans, weie seen aftei search of seveial screens In 
one case no chaiacteiistic bodies weie found The bodies so seen vere also 
bi ick-shaped (figui es 3 and 4) oi had a centi al depi ession (figui e 5) Not enough 
pai tides iieie seen to obtain significant a\eiage measuiements, but m general 
the size seemed to be close to that of vaiicella At this time ve weie foitunate 
enough to leain of a case (S S ) of heipes zostei m Bellevue Hospital, Nev York 
(see footnote 3) 

The patient S S , an adult female, uas admitted to Waid 5A, Belle\ue Hospi- 
tal, Neu Yoik, fiom the Mental AVaid of Bellevue Hospital, suffeiing fiom 
caidiac decompensation On Decembei 14, 1947, vhile on a salt-free diet as 
pait of the tieatment foi hei caidiac condition, she complained of severe pam 
ovei the left pectoial muscles A few vesicles appeared m this site on the same 
daj Theie had been no complaint of pam piior to the day of the fiist appeaiance 
of lash, but the mental condition of the patient was clouded Within the ne\t 
72 houis new vesicles appealed covering the skin over the left pectoral muscle, 
the medial pait of the left deltoid, and the lowei left anteiioi ceivical legion 
The vesicles weie largei than usual, some measiiimg 1 5 by 1 cm The fiist 
specimen of fluid was withdrawn on Decembei 17, 1947, fiom unbioken vesicles 
that had appeared onlj’’ 12 hours befoie It appealed cleai A second specimen 
was withdrawn 48 houis latei fiom unbioken vesicles of the same ciop 

In the 60-hour specimen veiy few moie elementarj" bodies weie seen than m 
the 7 specimens mentioned above In the 12-houi pieparation, howevei, quite 
a diffeient picture was found Appaient elementaiy bodies weie plentiful 
They weie found singly (figuie 6), in pans (figuie 7), m chains (figuie 8), oi m 
clumps (figuie 6), and some (figuie 9) appealed to be suriounded b}”^ a matiix 
with “sticky” characteristics similai to those desciibed for the Bolhngei bodj’^ of 
fowl pox (Gioup4 and Rake, 1947) Bodies with a centi al depi ession were also 
not infiequent (figure 6) In only two lespects did these elementary bodies 
diffei fiom bodies described foi vaiicella, they weie usualljq but not invaiiabljq 
equal in any tw o diameteis, i e , w eie round, oi squaie w ith rounded corneis, and 
they were foi the most pait flatter than usual It seems possible that these 
differences weie i elated to the caidiac decompensation and tissue edema since it 
was found that m a suspension that had stood for 12 days m phj^siological saline, 
the viius paiticles lost then flattened appeaiance (figuies 10, 11, and 12) 
Measuiements of a significantly laige numbei of particles both fiom S S and 
fiom othei cases ga\ e aveiage measurements of 196 by 218 m^ (range 158 to 251 
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bv ISO to 2SS m^) ^\lth i latio of length to bieadth of 1 12 These measuie- 
ments, ^\hen compaicd ^^lth tliose of vaiicella, aie found to be about 8 per cent 
smallei In the few pai tides othei than those fiom S S the aveiage diameteis 
weie208 by 240, i e , identical with vaiicella, and it may theiefoie be that, since 
most pai tides measuied came fiom case S S , ceitain factois m this case, pi educ- 
ing shimlving of the bodies, weie sufficient to give an ovei-all figuie slightly 
smallei than that found m vaiicella An alteinative hypothesis is that the viius 
bodies giadually acquiie a coating of mateiial fiom the vesicle fluid If this 
coating was thin m the case of the 12-houi specimen, the pai tides would appear 
to be smallei 

In the oiigmal mateiial fiom S S small chimps of elementaiy bodies weie 
seen (figuie 6) The effect of vaiious seia on the suspension of elementaiy 
bodies fiom S S was investigated Seium deiived from S S (heipes zostei) 
when she was convalescent, acute and con\alescent phase seium fiom vaiicella in 
a child (W T ) without pievious histoiy of heipes zostei, and adult serum fiom 
R D with a past histoiy of ^ aiicella were used The sera weie untieated and 
all weie diluted 1 20 with physiological saline and mixed wath the elementaiy 
body suspension (0 09 ml of seium -f 0 01 ml of viius suspension) This mixtuie 
was allowed to stand foi 45 minutes at loom tempeiature (22 C) and then centii- 
fuged at 15,000 ipm foi CO minutes at 4 C The supernatant was discarded and 
the sediment was lesuspended m 0 05 ml of distilled watei These suspensions 
weie used foi piepaimg the scieens foi examination with the electron microscope 
When dried on the collodion membianes, they weie washed once with distilled 
w ater 

When convalescent vaiicella oi zostei seium was used, veiy laige clumps of 
elementaiy bodies weie found embedded in a pecuhai matiix (^ seium) showing 
many lacunae (figuies 13, 14, and 15) Howevei, it was found that adult, and 
even acute phase seium fiom a case of vaiicella, gave some clumping, although 
the clumps w eie less fiequent and not so laige as in the case of convalescent seium 


Figure 1 Elementary body of varicella Note brick shape and irregulaiities of suiface 
Shadowed w ith gold 21 2 mg, angle 11°31', distance 10 cm X 17,240 

Figure 2 Elementary body of varicella Note buck shape and irregularities of suiface 
Shadowed with gold 21 2 mg, angle 11'’31', distance 10 cm X 17,240 

Figures Elementary bodj of herpes zoster Shadowed with gold 10 4 mg, angle 10°59', 
distance 10 5 cm X 17,240 

Figure 4 Elementary bodj of herpes zoster Shadow ed w ith gold 22 4 mg, angle 11°32', 
distance 10 cm X 17,240 

Figures Elementary bodj of herpes zoster From patient J P Shadowed with gold 
21 6 mg, angle 11°32', distance 10 cm X 17,240 

Figuie 6 Elementary bodies of herpes zoster One single bod\ , at the top of the figure, 
and two clumps appear Several show irregularities of surface and 3 show marked central 
depressions as in figure 5 Shadowed with gold 27 6 'mg, angle 9°36', distance 12 cm 
X 17,240 

Figure 7 Elementary bodies of herpes zoster One pair attached by coi ner Shadow ed 
with gold 26 7 mg, angle O'SG', distance 12 cm X 17,240 

Figure S Elementary bodies of herpes zoster Chain and scattered particles 
Shadow ed w ith gold 26 7 mg, angle 9°36', distance 12 cm X 17,240 

Figure 9 Elementary bodies of herpes zoster Particularlj in the upper part of the 
figure can be seen what appears to be matrix material, with “sticky” characteristics, in 
which the elementarj bodies aie embedded Shadowed with gold 26 7 mg, angle 9°36', 
distance 12 cm X 17,240 
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(fiom VTUcella 01 fiom S S herself) Adult seium, being deiived from an indi- 
vidual with a lust 01 y of vaiicella manj’’ yeais befoie, might be expected to give 
about the same lesponse as that noted, but this does not explain the results with 
the acute phase seium Figuie IG shows the laigest clump encounteied wath 
adult seium Almost as laige a clump was seen once m an acute phase seium 
fiom a case of i aiicella (W T ) As inspection of these miciographs will reveal, 
theie seems to be a coating of the vnus pai tides m the case of the convalescent 
seium, giving them a fuzzy appeaiance, which is much less m the case of the 
adult seium oi the acute phase seium 

It w as of gieat mteiest that one of the cases of heipes zostei from which vesicle 
fluid was collected (J P , see figure 5) was the apparent initiation point of an 
epidemic of chicken pox, fiom three of which cases vesicle fluid w as collected and 
examined ■' 

J P , a coloied female aged 6 years, was admitted to the Umveisity of Penn- 
S 3 dvania Hospital on August 18, 1947, with chionic infection of the lungs and a 
chionic nasal discharge She had had xmiicella 1 year befoie On October 10 
a group of vesicles appeared on the left side of hei back They weie single or 
confluent, on an erjdhematous base, and contained cleai fluid Then appearance 
was accompanied bj^ local pain and malaise Thej’^ continued to spread, and 
after 4 daj’^s there was a group of them ma space 3 by 4 inches on the left side of 
the spine at the level of the thud and fourth thoracic vertebrae and a group 
extending into the left axilla and to the midline above the left nipple On 
October 14, when fluid was collected for electron microscopj’’, a biopsy of a skin 
vesicle w'as taken, fixed in Bourn’s solution, and stained with hematox 3 diii and 
eosin Type A inclusion bodies w eie seen m the epithelial cells lining the vesicle 
(figure 17) 

At the time J P fiist developed heipes zoster there were 18 other children m 
the ward, and during her zoster illness a total of 27 w’ere exposed Of these, 22 


Figure 10 Elementary bodies of heriies zoster after standing for 12 da^s in phjsiological 
saline Note plumper appearance as compared, for example, with those in figure 6 
Shadowed with gold 9 G mg angle 10°59' distance 10 5 cm X 17,240 

Figure 11 Elementarj bodies of herpes zoster 4s m figuie 10 Shadowed with gold 
9 6 mg, angle 10°59', distance 10 5 cm X 17,240 

1 igure 1'^ Elemental j bodies of herpes zoster after standing for 12 days in physiological 
saline but w ithout added serum Unshadowed X 17,240 

Figure 13 Agglutinated elementary bodies of herpes zostei With convalescent serum 
Note indistinct outline ol all virus particles, even those somewhat removed from aggluti- 
nated mass Note also 1 icunae in the serum-virus complex probablx due to washing out of 
crystals Unshadowed X 17,240 

Figure H Agglutinated elementary bodies of herpes zoster With convalescent serum 
As in figure 13 Shadow ed w ith gold 9 0 mg, angle 10°59', distance 10 5 cm X 17,240 
Figuie 16 Agglutinated elementary bodies of herpes zoster 3Vith convalescent serum 
As in figure 13 Shadowed with gold 9 0 mg, angle 10°59', distance 10 5 cm X 17,240 
Figure 16 C'umped elementary bodies of herpes zoster With adult serum This was 
the largest clump found Compare with figures 14 and 15 Note clear outline of virus 
particles and less evidence of serum in and around the clump Shadow ed w ith gold 9 0 mg, 
angle 10°59', distance 10 5 cm X 17,240 


* The authors are grateful to Dr Robert hlunro, Chief Resident, Department of Pedi- 
atrics, Hospital of the University of Pennsjlvania, for his assistance in suppljing epi- 
demiological information in connection with the varicella outbreak in the ward 
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had nevei had vaucella, and of the 22, 10 de\ eloped t3'pical vaiicella fiom 15 to 
19 daj^s aftei the fiist da}”- of lash in J P Thiee of these 10 de\ eloped in llic 



hospital aid and 10 additional susceptible children iiere exposed 
3 del eloped i aricella 15 to 20 dai s later Pluids from three ca^i ^ 
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Mith the election microscope Tj'picil if scanty buck-shaped elemental bodies 
veie seen m all tliiee fluids 

Two othei patients aie woithy of comment as lepiesentmg examples of 
“tiaiimatic hcipes zostci ” Fiom both of those, vesicle fluid was studied and 
found to contain the chaiacteiistic bodies The fiist case is one of tiaumatic 
heipes following lumbai punctilio 

C B , a 3]-jeii-old coloied boy, was admitted to the Philadelphia Hospital 
foi Contagious Diseases on August 20, 1947, with a diagnosis of miliaiy tubeicu- 
losis Subsequontlj , he developed signs of meningeal nutation, and mtiathecal 
stieptomycm was instituted on Docembei G, 1947, and continued daily until 
Januaiy 16, 1948, when a regime of mtiathecal tieatment on alternate daj"s was 
adopted On Januaij' 22, 1948, he dei eloped a band of giouped vesicular lesions 
on an eiythematous base extending m segmental neive distiibution on the left 
sidefiom the thud and fouith lumbai \eitebiae to themidhne o\ ei the abdomen 
He had neiei had varicella Theie had been no cases of laiicella or herpes 
zostei in the building foi a period of 7 months Xone of the contacts of C B 
contiacted eithei vaiicclla or heipes zostei Spinal fluid collected on Januaiy 
22, 1948, and lesicle fluid collected on Januaiy 24, 1948, were examined under 
the election micioscope 

The second case is one of tiaumatic heipes following deep inadiation foi 
carcinoma of the ceivix M T , a 59-jeai-old white woman, fiom Novembei 24 
to Decembei 23, 1947, leceived thiee times weekly 1,500 R of deep X-ray theiap}’’ 
directed ovei pubic and sacial aieas for carcinoma of ceivix On December 15, 
1947, vesicles appeared on the pubis and sacium The clinical impiession was 
herpes simplex oi possiblj"^ heipes zostei A esicle fluid was collected on Decem- 
ber 15, 1947, foi electron micioscope study Scantj"^ bodies chaiacteiistic of 
herpes zostei weie found m both i esicle fluids Figuie 3 shows a single bodj 
from C B The spinal fluid of C B showed no such bodies 

DISCUSSION 

In geneial, then, elementary bodies haie been found in vesicle fluid fiom the 
lesions of heipes zostei that dififei little if at all fiom those desciibed foi i aiicella 
eithei m size or in shape It is suggested that the slightly smaller size (8 per 
cent) of the zoster bodies may have been due to abnonnal tonicity lelations in 
the surrounding fluid m the case of S S , from whom most of the pai tides were 
deiived 

The observations m the case of S S aie of paiticular importance It wall be 
noted that enormous numbers of elementary bodies w ere present m the vesicles 
12 houis aftei the appearance of these vesicles, but 72 houis after the fiist onset of 
the disease At this time a certain amount of clumping (Amies, 1934) was 
already present Forty-eight hours latei most of the viius pai tides had dis- 
appeared, and those seen weie for the gieatei pait embedded m lU-defined masses 
of material of low density suggesting some piotein material denied fiom bodj"^ 
fluids The present observations do not lesolve the difficult question of the 
pathogenesis of heipes zoster Ceitam points, howei er, aie w oith commenting 
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on m this regard One is the finding of large numbeis of virus pai tides m flip 
earl}’' vesicle fluid and only a fev in the later I’esicle fluid (S S ) Tins iiouid 
suggest that virus multiplied m the skm early in the development of the Icsion- 
The fact of virus multiplication in the skin is certainly also suggested li} tlie 
histological picture, since the characteristic inclusion bodies considered mdicatne 
of the presence of virus are alv ays found in this organ (figure 17) Fmall} , there 
IS the finding of the same type of elementaiy bodies in the ^ esicles of all tlie 
patients studied whether they v ere suffering from the so-called pnmarj' herpe., 
zoster, either sporadic or associated with a case of varicella (for evampic, S S 
and J P ), or from herpes zoster secondaiy to trauma (for example, C B and 
M T ) It IS interesting to note that the site of eruption of the tiaimiatic ca=cs 
conformed to the area of skm damaged C B had lesions at the lei el of tlie 
third to fourth lumbar vertebrae, i e , at the level of the lumbar punctures, and 
not along the distribution of the segmental nen’es from that region It is con 
ceivable that the meningitic process could have affected the nenm i oots suppb ing 
the involved skin area, but this possibility is rendered unlikely by the obsen ation 
that traumatic zoster, following lumbar puncture for reasons other than nicnm 
gitis, regularly occurs at the site of the puncture M T showed the «nme 
phenomenon, the site of X-ray application and not the site of nerve distribution 
from the sacral area being affected It would seem reasonable to assume that 
the virus causing herpes zoster probably multiplies in the skin Whether it 
multiplies elsewhere, and what the relationship is to the central neiwous sjstom 
changes frequentl}’’ descnbed, still demand further investigation It would al'O 
appear probable that only one virus is responsible for the clinical types of herpes 
zoster we have studied and that this vims is identical with that of laiicelh 

Amies (1934) noted that clumping of the virus particles occuiicd in zo-tcr 
vesicles 96 hours after first appearance In the present case «ome clumping 
apparent even in the 12-houi fluid It is possible that this ma} be due to ‘•mall 
amounts of ciiculating antibody from a previous attack of varicella and to an 
accelerated serological response duiing the 72 hours the disease had been m 
progress IMarked agglutination occurred w ith convalescent zostei or i aritcDa 
sera, and there w as evidence of some coating of the vims particles How ei er, m 
the case of the suspension of particles from S S , the only one we ha\c been ah c 
to examine, “^ome agglutination also occurred not only with adult serum but a -a 
with acute phase semm The lacunae noted as constantly present in the =enim 
elementar}"-body complexes apparently lepresent the spaces left by crjsta - <> 
salt that have been w ashed out 

The epidemic of varicella apparently initiated by the case of herpes zo-ter m 
I P can be duplicated b} many reports in the literature The onh additiona 
fact of interest in the present account is that t}Tncal and similar elcmcii jri 
bodies were found in the x esicles both of I P and of the ‘^econdarx ca < ^ 

X ancella Because of this, and the tcmpoial relationship of the on^et of (fa < 
w ax e of 10 cases to the appearance of the disease m I P , one can hardh < "u ) 
that m this instance both diseases were produced b} the ‘^ame xiria 
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SUMMARY 

Elementary bodies have been demonstrated m the vesicle flmd of the lesions 
of vanous chmcal types of herpes zoster that resemble closely those found m 
vancella In the limited expenence so far obtamed these elementary bodies 
have been very scanty in flmds withdrawn from 24 hours to 6 days after the first 
appearance of the rash In one case m which flmd was obtamed 12 hours after 
the appearance of the vesicles the elementary bodies were very numerous Flmd 
from this same crop of vesicles, withdrawn 48 horns later, showed veiy few 
elementary bodies The possible significance of this is discussed 
In one instance vesicle flmd was examined from a case of herpes zoster that 
apparently imtiated an outbreak of vancella Flmd was also exammed from 3 
of 13 cases of vancella Scanty but charactenstic bnck-shaped bodies were 
found in all four flmds 
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OBSERVATIONS ON STREPTOMYCES GRISEUS 
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Synthetic mediums are extremely useful m the mvestigation of fermentation 
problems Because of this fact, various laboratones that are mterested m 
streptomycm have been engaged m developmg synthetic mediums for the 
production of this antibiotic 

VanderBrook et al (1946) reported the use of a near synthetic medium com- 
posed of glucose, ammomum sulfate, mmeral salts, and 0 1 per cent “curbay 
B-G ” Saunders and Sylvester (1947) used a synthetic medium contaimng 
glucose, an organic acid, an morgamc nitrogen compound, and mineral salts 
The synthetic medium of Hubbard and Thomberry (1946) was composed of 
a carbohydrate, the ammomum salt of lactic acid, and mmeral salts It will be 
noted that these mediums contam morgamc nitrogen compounds or the am- 
momum salt of an orgamc acid as the mtrogen source Although these mediums 
supported growth and streptomycm production by Strepiomyces gnseiis, the 
reported broth potencies thus obtained were not exceptionally high 

This paper deals with vanous compounds, both orgamc and morgamc, as 
possible nitrogen sources for growth and streptomycm production m a synthetic 
medium 


materials and methods 

Tlie culture of Sireptomyces gnsens used m these experiments was isolated 
from a stram ongmally obtamed from Waksman’s laboratory Stock cultures 
were prepared by addmg spore suspensions to tubes of sterile soil Cultures for 
mocula were obtamed by spreadmg spores from a soil tube over Blake bottle 
slants of yeast extract glucose agar All cultures were derived from the same 
soil tube After 7 days’ mcubation at 28 C, 50 ml of sterile, distilled water were 
added to each Blake bottle culture and a spore suspension was prepared One 
ml of this suspension' served as an moculum for each flask 

The fermentation medium contamed the followmg constituents glucose 10 0 
g, nitrogen source as mdicated, NaCl 5 0 g, K2HPO4 2 0 g, MgS04 7 HjO 1 0 g, 
CaCh 0 4 g, FeS04 7 H2O 20 mg, ZnS04 7 H2O 10 mg, and distiUed water 1 hter 
This medium was dispensed m 40-nil amounts m 125-ml Erlenmeyer flasks and 
sterilized by autoclavmg at 121 C for 17 mmutes The pH was adjusted to 
between 7 O^iand 7 5’with n NaOH or Nj^HClfbefore autoclavmg and rechecked 
after autoclavmg No medium with a pH below 6 5 was used 

' Some of these data were presented before the fermentation section of the American 
Chemical Society in Chicago, April, 1948 
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After inoculation, the fermentation flasks were mcubated at 28 C oa a rofarv 
t3^e shaker moving at 220 rpm so that it descnbed a circle 1 inch m diameter 
^ter groiHh had started, the fermentation broths were sampled and assajed 
daily until the maximum streptomycm broth potency had been passed The 
agar plate method usmg a streptomycm calcium chloride complex standard was 
employed for assay throughout the expeimients 

EXPEEIMENTAI/ DATA 

Inorganic nitrogen compounds In order to obtam the simplest medium, the 
morganic nitrogen compounds were mvestigated first Five compounds, i e , 
NaNOs, NH4NO3, NH4CI, (NH4)2S04, and (NH4)2HP04, were used as single 
nitrogen sources m the medium noted above at a level of 0 5 per cent In addi 
tion, GaCOs was added at a level of 0 35 per cent to other rephcates except those 


TABLE 1 

Inorganic nitrogen sources 


inXSOOEK 60UKCE 

STREPTOUYCm BROTH POTENCY— PEE UL AITES 

3 days 

I 4 days 

5 days 

6 days 

7 d&ys 

3 dssrs 

NaNOj 

No growth 





NaNOj -f* CaCOi 

No growth 





NH 4 NOJ 

3 

6 

4 

4 

4 

3 

NH 4 NO, + CaCO, 

13 

16 

20 : 

45 

59 

M 

NH 4 CI 

0 

0 

0 

! 0 

0 

0 

NH 4 CI + CaCO, 

8 

14 

19 

32 

22 

— 

(NH4),S04 

6 

4 

3 

3 

2 

2 

(NHilsSOi + CaCO, 

7 

7 

8 

23 

29 

29 

(NH4)iHP04 

— 

142 

178 

165 

165 

~ 


contammg (]NrH;4)2HP04 The streptomycm broth potencies obtamed m these 
fermentation mediums are given m table 1, the specific pH changes are omitted 
Sireptomyces griseus will not utihze nitrate as a sole source of nitrogen, hence 
no growth occurred m the medium contammg NaNOa as the mtrogen source 
Ammonia, however, is readily utihzed Thus, m the medium contammg NHi 
NO3 as the sole nitrogen source, the ammoruum nitrogen is utilized with a 
resultant release of the mtrate The organism grows until the medium become 
too acid for further growth Comparable growth and pH changes occur 
mediums contammg NH4CI and (NH4)2S04 as mdividual mtrogen sources ^ 
addition of CaCOs to the fermentations keeps the pH relatively high and allons 
the organism to grow and produce streptomycm, though at relatively low leve 
When (NH4)2HP04 serves as the sole mtrogen source, the pH remains rcjativ^) 
high and yields of approximately 150 yg per ml are consistently obtamed ® 
level of phosphate m this medium is quite important The use of (NH4) 
at a level of 1 0 per cent, with the fermentation conditions used, will result id 
httle or no streptom3’'cm formation This phosphate effect is interesting dd 
warrants further mvestigation It apparently is not a pH effect In prac ice 
the (NH4)2 HjP 04 is employed at a level of 4 0 g per liter 
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Effect of adding complex organic materials to the glucose (NH4)2HPOi medium 
The addition of various complex organic materials at a level of 0 1 per cent to the 
glucose (NH4)2HP04 medium has a marked effect on the fermentation Growth 
occurs more readily, there is an earlier increase m streptomycin broth potency , 
and significantly higher streptomycin levels are reached The effect of these 
organic materials on the yields of streptomycm can be seen m table 2 The most 
remarkable mcrease m broth potency has been obtamed by the addition of corn 
steep solids The addition of only 0 1 per cent of such solids results m an 
mcrease m the streptomycin broth potency of approximately 100 per cent 
The stimulation obtained by the addition of com steep solids to the glucose 
(NH4)2HP04 medium cannot be reproduced by the substitution of an equivalent 
amount of com steep ash for the com steep solids The addition of 0 1 per cent 
yeast nucleic acid to the glucose (NH4)2HP04 medium also has no stimulating 
effect Moreover, the strain of Streptomyces griseus used m these experiments 
exhibits no vitamin deficiency Small amounts of a number of organic acids, 
namely, acetic, lactic, fumaric, succmic, pyruvic, malic, and citric also were 


TABLE 2 

Effect of adding complex organic materials to the glucose {NHt)2HPOi medium 


UATEEUL ADDED, 0 1 PE* CE^fT | 

STfiEPTOUYClN BROTH POTENCY— pC PER UL AFTER 

S days 

4 days 

4 days 

6 days 

7 days 

8 days 

Soybean meal 

83 

139 

200 

210 

230 

215 

Corn steep solids 

119 

228 

303 

210 

— 

— 

Trypsin digested casein 

112 

217 

224 

249 

252 

— 

Kone 

1 

24 i 

135 

153 

151 

— 

— 


added mdividually to the medium In no instance was a stimulation of strepto- 
mycm production observed 

The possibihty exists that this stimulation is due to organic nitrogen com- 
pounds m the corn steep, perhaps a single ammo acid or a combmation of amino 
acids This possibility was mvestigated by adding 21 ammo acids, creatine, 
urea, and guanidine separately at a level of 0 1 per cent to the glucose 
(NH4)2HP04 medium The results are given in table 3 
It may be noted that the medium to which no organic nitrogen compound was 
added supported streptomycm yields of 153 pg per ml The marked stimulation 
due to the addition of com steep solids and trypsm-digested casein was again 
obtained None of the other compounds had a stimulatory effect Growth was 
sparse m the flasks supplemented ivith cysteine and DL-norleucme 
These data mdicate that the stimulatory effect of the corn steep solids is not 
due to a single ammo acid that they contain However, the stimulation may be 
due to a specific combmation of ammo acids 
Organic nitrogen compounds Although individual ammo acids had no stimu- 
latory effect when added at low concentrations to the glucose (NH4)2HP04 
medium, this does not exclude the possibility that some of these compounds could 
replace the (NH4)2HP04 m this medium The utihzation of 33 organic nitrogen 
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compounds as possible nitrogen sources in this synthetic medium was thus in 
vestigated by substitutmg them mdividually for the (NH 4 ) 2 HPO< These com 
pounds were used at a level of 0 186 per cent mtrogen The (NH 4 ).HP 04 wa. 
used at a level of 0 085 per cent mtrogen The streptomycm yields obtained in 
these fermentations are given m table 4 ^ 


TABLE 3 


Effect of adding single organic nitrogen compounds to the glucose {NEt)-EPOi mcdiun 


COUPOTOD ADDED, 0 1 PER CENT 


^ DAY Ot UMOimt 


IIS per ml 


DL-Alpha-alanine 

155 

5 

Glycine 

116 

7 

L-Arginine HCl 

135 

6 

ii-Aspartic acid 

125 

6 

L-C3'steine HCl 

0 

— 

L-Cystine 

105 

5 

Creatine hydrate 

163 

7 

ii-Glutamic acid 

115 

5 

L-Histidine HCl 

145 

5 

Hydro\y-L-proline 

135 

6 

DL-Isoleucine 

127 

7 

li-Leuoine 

137 

5 

DL-Lysine HCl 

139 

C 

DL-Methionine 

84 

5 

DL-Norleucme 

0 


VL-Pbenylalamae 

166 

7 

L-Prolme 

175 

5 

DL-Senne 

155 

5 

nn-Threomne 

110 

7 

DL-Tryptophan 

129 

7 

L-Tyrosine 

176 

D 

DL-Valine 

168 

0 

Urea 

136 

G 

Guanidine nitrate 

133 

u 

0 1 per cent com steep sohds 

0 1 per cent casein digest 

None 

300 

249 

153 

0 

0 

5 


A yield of 166 #ig per ml was obtamed in the medium containing 
Of the 33 orgamc nitrogen compounds, 16 supported growth and streptor^^^ 
production However, only 6 of these compounds, i e , 
alanme, n-histidme HCl, glycme, n-prolme, and n-arginine HCI, supportea j 

m excess of 100 pg per ml r i^l u 2 p^r 

The use of glycme as the sole mtrogen source resulted in a yield oi mi y 

= In previous experiments Dr L E McDaniel of the Merck Laboratoncs 

Ime and a number of other ammo acids as single nitrogen sources m a syn 
mj cm fermentation medium 
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ml However, if plienylglj'^cine or para-hydro\yphenylglycme is substituted for 
glycine, no grovi;h occurs 

In the medium contammg alpha-alanine (alpha-ammo-propionic acid), 
streptomycm broth potencies of 234 fig per ml were obtamed Beta-alanme 

TABLE 4 


Organic nitrogen compounds 


NITROGEN SOURCE 

UAXDIUM STREPTOUVaN 
BROTB POTENCY 

DAY OP UAXniUU 

DL-Alpha alanine 

PS per ml 

234 

5 

Beta alanine 

221 

8 

Dii-Benzoylalanine 

Very slight growth 

— 

Glycine 

151 

5 

N -Phenylglycine 

No growth 

— 

p Hydroxyphenylglycine 

No growth 

— 

L-Arginine HCl 

101 

10 

L-Aspartic acid 

12 

5 

DL-Alpha-amino-N-butyric acid 

Very slight growth 

— 

nn-Alpha-amino caprylic acid 

Very slight growth 

— 

L Cysteine HCl 

0 

— 

L-Cystine 

0 

— 

Creatine hydrate 

0 

— 

L Glutamic acid 

4 

4 

Hippuric acid 

Very slight growth 

— 

1 / Histidine HCl 

112 

4 

Hydroxy-L-proline 

1-2 

6 

DL Isoleucine 

39 

5 

L-Leucine 

5 

6 

DL-Lysine HCl 

0 

— 

DL Methionine 

0 

— 

DL-Norleucine 

0 

— 

DL Phenylalanine 

0 

— 

L-Proline 

800 

9 

Taurine 

Growth very poor 

— 

Sarcosine 

No growth 

— 

dl Senne 

3 

8 

DL-Threonine 

5 

6 

DL-Tr 3 TJtophan 

0 

— 

DL-Tyrosine 

0 

— 

DL-Vahne 

3 

8 

Urea 

3 

6 

Guanidine nitrate 

5 

6 

(NH4)2HP04 

166 

5 


(beta-ammopropionic acid) supported streptomycm yields of 221 fig per ml, 
though maximum titers were reached later than when alpha-alanme was used 
Any substitution at the third carbon m alanine resulted m lowered 3 aelds For 
example, L-histidme HCl (beta-imidazole-alpha-ammopropionic acid) supported 
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Streptomycin yields of only 1 12 ;xg per ml The addition of the imidazole rmg 
resulted in a decrease in potency of approximately 50 per cent CL-Sermo 
(beta-hydioxy-alpha-aminopropionic acid), DL-vahne, (beta-dimethyl-alpha- 
aminopropionic acid), and DL-isoIeucine (beta-methyl-beta-ethyl-alpha-ammo- 
propionic acid) supported even lower streptomycin broth titers 
When L-arginine HCl was used as the sole nitrogen source, growth was slow 
and maximum yields of streptomycin were reached late It should be noted that 
arginine is the only ammo acid containing more than three carbons in a straight 
chain that supports relatively high yields of streptomycin 
Striking results were obtained by the use of L-prolme as the sole nitrogen 
source There was an increase in mycelium weight, and streptomycin broth 
potencies of 800 /xg per ml were obtamed There was, however, a lag in both 
growth and streptomycin production 

Attempts to substitute structurally related compounds for the proline have 
met with failure The use of hydroxyproline as the sole nitrogen source results m 

poor growth and little if any streptomycin production Pyrrolidone-carbox) lie 
acid and N-acetyl prolme, when substituted for the L-prolmc, do not support 
growth The same is true for pyrrole 
It has been showm that the ornithine cycle proposed by Krebs and Hensclcit 
(1932) exists in Neurospora crassa (Srb and Horowitz, 1944) Moreover, the 
metabolism of prolme m the rat (Shemm and Rittenbcrg, 1915, Stettin and 
Schoenheimer, 1944) is closely linked to this ornithine cycle In addition, 
Bonner (194G) indicates that m Pemcilliiim ornithine and prolme have a common 
precursor, with glutamic acid the precursor of this proposed intermediate Ho 
represents the synthesis of prolme and argmme m Pemcilltum by the following 
scheme 

glutamic acid —* mtermediate — + omithme —* citrvlliae —* argmino 

1 f 

prolme 

It would appear that this scheme does not hold true for Slreplomyces gnseus 
Glutamic acid, when substituted for prolme, supports good growth but variable 
and usually low streptomycin yields The use of arginine as the sole nitrogen 
source results in fair growth and streptomycin broth potencies of approximately 
100 Mg per ml None of the other valeric derivatives has even supported growth 
m mediums to which it was added as an individual nitrogen source Alpha- 
ammovalenc acid, delta-aminovalenc acid, and alpha-delta-diaminovalenc aci 
(omithme) were the compounds tested In addition, N-valeric acid when use 
as the sole carbon source in a medium contammg (NH4 )jHP 04 as the source o 
nitrogen did not support groirth 

The high broth potencies that have been obtained m the prolme medium raise 
the possibility of adding prolme to other mediums and thus obtaining increase 
streptomycin yields m these mediums In preliminary experiments, the addition 
of prolme at a level of 0 25 per cent to a medium containing (NIB)jHPO<, casein 
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digest, or soybean meal as the nitrogen source resulted m no mcrease in strepto- 
mycin broth titers The results reported m a previous section shou ed that single 
ammo acids, vhen added at a le\el of 0 1 per cent to the glucose (NH 4 ) 2 HPO< 
medium, did not increase streptomycin broth potencies In addition, L-proline, 
glycine, DL-alpha-alanine, L-argmine HCl and L-histidine HCl were added smgly 
to the glucose (NH 4 ) 2 HP 04 medium at a level of 0 5 per cent All possible 
combinations of these compounds also were added to the same medium m such 
quantities that the total amount of added amino acids was always 0 5 per cent 
Casein digest and prolme-rich gelatm also were tested The yields of strepto- 
mycm obtamed m these fermentations are sho\vn m table 5 


TABLE 5 

The effect of adding amino acids singly and in combination to the glucose [NIIt).nPOimedium 


UATUIAL 

TOTAL AlfOUVT 

UAXiurm 
STREPT^iyVCTS 
GSUTB POTE>CY 

DAY 07 
l£AXlUin£ 

DL-Alpha alanine 


fig per nJ 

56 

5 

L-Arginine HCl 


61 

6 

Gljcine 

0 5 

6S 

6 

L-Proline 

0 5 

170 1 

6 

L-IIisliiline HCl 

0 5 

56 

6 

Prohne, alanine, glycine, histidine, arginine 

0 5 

61 

6 

Prohne, alanine, gljcine, histidine 

0 5 

55 

5 

Proline, alanine, glycine 

0 5 

51 

6 

Prohne, alanine 

0 5 

59 

5 

Alanine, glycine, histidine, arginine 

0 5 

41 

5 

Alanine, gljcine, histidine 

0 5 

51 

5 

Alanine, glycine 

' 0 5 

* 30 

5 

Glycine, histidine, arginine 

0 5 

31 

5 

Gljcine, histidine 

0 5 

66 

6 

Histidine, arginine 

0 5 

50 

5 

Casein digest 

0 5 

275 

5 

Casein digest t 

0 3 

274 

5 

Gelatin 

0 5 

195 

5 

None 

— 

144 

6 


With the exception of L-prolme at 0 5 per cent the addition of the ammo acids, 
smgly and m combmation, resulted m decreased streptomycm jaelds The in- 
creased potencies due to the addition of 0 5 per cent L-prolme is significant but 
not striking Gelatm at 0 5 per cent also increased yields significantly as did 
casern digest at 0 3 per cent and 0 5 per cent The mcrease due to the use of 
casein digest is marked The addition of compounds that are metabolically 
related to prohne, e g , ormthme, has not resulted m a stimulation of streptomycm 
production 

Although no specific data are given, it also should be noted that, when other 
nitrogenous compounds are added to the synthetic medium contammg L-prohne 
as the prmcipal source of mtrogen, the streptomycm yields thus obtamed are 
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much lo^ er than are obtained with proline alone This is not true if the level of 
added nitrogenous compounds is very low 

These data certainly indicate that n-prolme when used as the sole nitrogen 
source is capable of supportmg high streptomycm broth potencies Although it 
IS true that increased mycehum weights are obtamed in this L-proline medium, 
excellent growth can be obtamed m mediums that support little or no strepto 
mycm formation 

The data presented thus far raise a number of mterestmg and important 
questions, the answers to which will have to await the results of metabolism 
studies now in progress Of particular importance will be the mechanism of 
prolme utilization in different mediums, i e , a medium in which proline is the 
sole nitrogen source and a medium in which it is used in conjunction with other 
nitrogen compounds, such as (NH4)2HP04 
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SUMMARY 

A number of organic and inorganic nitrogen compounds have been tested as 
possible mtrogen sources m a synthetic streptomycin fermentation medium 
Nitrate nitrogen is not utilized by the streptomycin-producmg strains of 
Streptomyces gnseus that have been studied, but ammonium nitrogen is readily 
available 

A simple S3mthetic medium contammg ammonium nitrogen has been devised 
This medium contams glucose 10 0 g, (NH 4 ) 2 HP 04 4 0 g, NaCl 5 0 g, K HPOj 
2 0 g, MgS04 THsO 1 0 g, CaCl2 0 4 g, FeS 04 TH-O 20 0 mg, ZnS 04 7H-0 10 0 
mg, and distilled water 1 liter Streptomycin broth potencies of 150 pg per ml 
are consistently obtained m this medium The level of phosphate is important 
The addition of small amounts of com steep solids, casein digest, and soybean 
meal to this medium results in increased titers of streptomycin If ammo acids 
are added smgly to this medium, there is no stimulation of streptomycin 

production 4 * r r 

Thirty-three orgamc nitrogen compounds nere tested as possible substitutes lo 
the (NH4)2HP04 m the synthetic medium Six of these compounds, namely, 
DL-alpha-alanme, beta-alanme, L-histidme HCl, L-arginme HCl, gljcme, an 
L-prolme, supported yields of streptomycm in excess of 100 pg per ml i idds o 
800 pg per ml were obtained by the use of n-prohne as the sole nitrogen ‘=ourcc 
The use of L-prohne as a supplement did not increase streptomjem luot 

potencies 


i 
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A number of compounds that are structurally related to L-prolme have been 
tested as substitutes for the prohne None of them could replace this ammo acid 
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Complex organic mediums have generally been considered necessary for the 
production of high yields of streptomj’^cm by Slreplomyces gnseus (Waksman, 
Schatz, and Reilly, 1946) Quantities of streptomycm approachmg 1 gram per 
hter have been reported from the growth of mutant strams on such mediums 
(Stanley, 1947) This represents a convemion of 5 to 10 per cent of the organic 
constituents of the medium to streptomycin Few attempts have been made to 
define conditions regulatmg the conversion or to study the mechamsm of strepto- 
mycin formation 

Dulaney and Perlman (1947) have reported observations of the biochemical 
activities of S gnseus under conditions favorable for streptomycm production 
Two stages of activity in a glucose peptone meat extract medium were descnbed 
Durmg the growth phase, the production of mycehum was accompamed by a 
reduction m the soluble constituents of the medium (N, C, P), fermentation of 
the available carbohydrate, a high oxygen demand, and httle production of 
streptomycm Duiing the autolytic phase, the mycehum weight decreased 
markedly, inorganic phosphorus and soluble mtrogen were released mto the 
medium, the oxygen demand dropped, and considerable quantities of strepto- 
mycm were produced 

In the preceding paper from this laboratory (Dulaney, 1948), a synthetic 
medium contammg prolme is described that supports streptomycm production 
equal to or better than that obtamed with orgamc mediums The stages of the 
biochemical activities of S gnseus on this medium are outlmed m figure 1 The 
first stage, that of cell growth not associated with streptomycm production, is 
prolonged m the prolme medium, primarily because of an extended lag phase 
before prolme is attacked or groirth occurs In phase 2 the remaming amounts 
of glucose and prolme are utilized, accompamed by rapid accumulation of 
streptomycm Fmally, lysis of the culture occurs 

The specific action of prolme, among ammo acids, m allowmg high strepto- 
mycm yields, offers the opportunity for study of the mechamsm of streptomycm 
formation As a part of this mvestigation, methods were sought to decrease the 
lag phase of growth These mcluded an attempt to promote growth by the 
utilization of adapted S gnseus moculum, the addition of essential nutrients, 
and the study of products mtermediate in prolme decomposition that were more 
susceptible than prolme to attack by S gnseus, but were still conducive to high 
streptomycm 3 aelds 

Analytical methods With the exception of the determmation of prolme, 
standard analytical procedures were used Glucose was determmed as a re- 

315 
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ducmg sugar by the method of Somogyi, total mtrogen by micro-Kjeldahl pro 
cedure, NH 4 -N by steam (hstdlatmn from 5 per cent NasCOj solution, and total 
carbon by the wet combustion method of McCready and Hassid (1912) Strep 
tomycm was determmed by the FDA cup assay Prohne determinations iicrc 
made by an unpublished procedure, developed in our laboratories and based on 
the ammo acid assay procedures described by Stokes, Gunness, Dwyer, and 
Casvrell (1945) Leuconosioc mesenteroides was employed as the assay organism 
Most of the fermentations were conducted m 250-ml Erlenmeyer flasks con 
tammg 25 ml of medium and were meubated at 28 C on a rotary shaker operating 



Figure 1 Fermentation chsractenstics of S grtseus 

at 220 rpm The S gnseus inoculum was derived from strams previously 
found satisfactory for streptomycin production (Schatz and Waksman, 1945) 

EltPERIMENTAL PBOCEDUKE AND EESTTLTS 

Development of “adapted" cells S gnseus was grown from a spore inoculum 
on a synthetic basal medium containing 0 57 per cent (NH4)2HP04 or 
cent prohne, which contams an eqmvalent amount of mtrogen (Dulaney, 19wl 
Mycelial growth was considered smtable for transfer after attainmg about b 

per cent of its mavimum weight , 

An attempt to show the adaptabihty of the organism to prohne was made ov 
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10 pci cent transfer of vegetative inoculum to fresh culture medium (table 1) 
There was no evidence that cells became adapted to use prolme Cells de- 
veloped on proline had a lag phase equal to that of those developed on (NH 4 ) 2 - 
HPOj medium, when inoculated into prolme fermentation medium Equivalent 
results vere obtamed when 100 per cent transfer was made of washed cells 
The lag v as much i educed, but equal m the case of inoculum developed on either 
(NH 4 ) 2 HP 04 01 prolme medium 

A staking difference V as noticed m streptomycm yields from fermentations 
mitiated v ith the two types of vegetative mocula Only those cultures receiving 
the inoculum developed on prolme medium produced high streptomycm yield 
This suggests that the specific action of prolme m mcreasmg streptomycm pro- 
duction IS not due to a direct precursor action but results from a more general 
effect on the plij^siological activity of the cellular substrate 


TABLE 1 

The effect of the medium used for inoculum development on streptomycin production and 

prolme utilization 


J^OCITLUM DEVELOPiTENT 

FEEAIENTATION IN’ PEOLIXE KEDIUIT 

NUrosen constituent 

ifaximum strepto , 
mj an produced 

Inoculum size 

Streptomyan 

produced 

Day of prolme 
utilization 


vslml 

per cent 

VS/ml 


(NH4) HP04» 

175 

10 

200 

3 

Prolinot 

960 

10 

930 

3i 

(NHiIjHPOi 

115 


375 

2§ 

Prolme 

930 


525 

2i 


* Used as \ egetative inoculum on fourth day 
t Used as %egetatne inoculum on seventh day 


Requirement for NHi-N The synthetic basal medium, contammg a mixed N 
source composed of (NH 4 ) 2 HP 04 and prolme, showed no lag m prolme utiliza- 
tion, despite the fact that there was ample nitrogen present as NH4-N for growth 
of the culture Complete prolme decomposition, NH4-N utihzation, and maxi- 
mum growth coincided on the fourth day of incubation from a spore moculum, 
as compared with seven days on prolme alone S griseus has great difficulty in 
utilizing prolme for the supply of its total nitrogen demands However, if a 
trace quantity of NH4-N is present to supply an essential requirement for un- 
known synthetic processes, prolme can adequately supply the major portion of 
the nitrogen needs of the microorgamsm A correct balance of NH4-N can be 
found that wall speed the rate of growth of S griseus to a maximum but mil not 
interfere with the development of mycelium of high streptomycin-producing 
capacity An optimum of 0 02 pei cent (NH 4 ) 2 HP 04 mth 1 per cent prolme was 
found (table 2) 

Carhon-nitrogen balance Prolme utilization, once initiated, is very rapid 
NH4-N does not accumulate dunng the decomposition It is evident that inter- 
mediate nitrogenous compounds must accumulate m the medium Durmg the 
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utilization of these intermediates streptomycin production occurs Graphs 
representing the carbon and nitrogen balance at various incubation periods in the 
proline fermentation are shown in hgures 2 and 3 The medium was the prolinc 
medium described m the preceding paper (Dulaney, 1948), which contained 1 5 


TABLE 2 


Slreplomycin pToduciion on a -prolinc medium with the amount of (NH,),HP0i 

as a variable 


f\Hi)«HP0i co^^EVII!ATlo•^ 

STREPTOUVaN YIELD 01 gTB DAY 

ter cent 

viM 

0 57 

225 

0 20 

170 

0 06 

570 

0 02 

675 

0 006 

530 

0 002 

390 

0 0006 

200 

0 0002 

130 

♦ 

25 


(NH<),HPO< medium control, ma\imum on seventh day, 120 Aig 

‘MaMmum on prolme medium «a3 reached on eleventh day of incubation, 430pg 



0 2 ^ 5 6 * 

DAYS or FERMOITATIOM 

Figure S Carbon balance of S gnseua fermentation 


per cent n-prolme and 1 per cent glucose During the maximum rate of myce luui 
accumulation, between the fourth and sixth day, unaccounted-for nitrogen 
present An associated quantity of unaccounted-for carbon also points to 
accumulation of intermediates After lysis, on the seventh day , a large portio 
of unmeasured soluble nitrogen compounds was liberated into the medium 
Prolme is not utihzed by S gnseus by a direct rapid deamination reaction, 
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since NH4-N does not accumulate Reductive ring rupture to delta-amino- 
valeric acid, showm to occur with Clostridium sporogenes by Stncldand (1945), is 
not the major reaction with S grtscus Neither this compound nor alpha- 
aminovalenc acid as the N source wall support growth of S gnseus, either alone 
or combined with 0 02 per cent (NH4)aHP04 The oxidative product, alpha- 
Iveto-delta-amino valeric acid, shown by Blanchard, Green, Nocito, and Ratner 
(1944) to be the product of proline breakdown by an enz3me isolated from rat 
kidneys and livers, was not available for test as a supplement to the culture 
medium However, a very small quantity of an ether-insoluble 2,4-dinitro- 
phenylhj'drazone ivas crystallized fiom fermentation broths corresponding to 
the 5th- and Gth-day cultures of figures 2 and 3 No crystals were obtained 
from an old lysed culture The ciystals, after w'ashmg ivitb water and diy- 



Ftgure S Nitrogen balance of S gnseus fermentation 

mg with ether, melted at 210 to 220 C They resemble the 2,4-dmitrophenyl- 
hydrazone of alpha-keto-delta-aminovalenc acid (Krebs, 1939) Reversal of 
the scheme proposed for prolme synthesis by Pemcilhum nolalum (Bonner, 
1946) does not seem probable for proline utihzation by S gnseus 

glutamic acid mtermediate omithme — ♦ citrullme — > arginme 

I 1 

prolme 

Omithme is not used for growth Glutamic acid, while utihzed, supports only 
low yields of streptomycm 

Resting cell suspensions have been used to prepare the mtermediate (s) in 
quantity Viable S gnseus cells, washed well ivith phosphate buffer and con- 
centrated m volume 5 tunes, decomposed 0 25 mg prolme per ml per hour with 
httle NBU-N formation 
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The intermediate product produced by this method led to high jields of 
streptomj'cm by S grisem ivhen it ivas stenhzed by filtration and added to a 
synthetic medium as the source of nitrogen The intermediate is an aramo- 
contammg compound Practically all the soluble nitrogen present at the lim-' 
of maymum mycelial development may be accounted for as residual prolmc, 
, or ammo mtrogen The ammo compound was not glutamic acid, aspar 
tic acid, or any one of the 10 additional ammo acids which mn y be measured 
by microbiological procedures (Stokes, Gunness, Dwyer, and Casvell, 1945) 


DISCUSSION 

Prohne has a specific effect m mcreasmg streptomycm production Although 
it IS mterestmg to speculate on prolme fragments that may be combined into the 
streptom 3 mm molecule as a precursor, m the manner m which the phenjlacctjl 
radical is combmed mto benzylpemcdlm (editorial m Science, 1947), the results 
of this mvestigation do not support this mechanism Prolme is utilized in the 
presence of NH,-N, but streptomycm production is high onl}’’ m a mmimal con 
centration of NH^-N or m its absence Also, cells groim m the presence of pro- 
lme are supenor as an moculum for streptomycm production to cells grorni in 
(NH 4 ) 2 HP 04 medium One caimot asenbe this to a precursor effect, smee such 
cells are usually used m only 10 per cent concentration and they mcrcase a- 
much as nmefold on transfer to a new medium Streptomycm accumulation, 
which reaches maximum rate only near the end of the cellular multiplication, b 
influenced greatlj’- by the moculum growth medium 
When prohne seiT'es as the sole source of mtrogen m a synthetic medium, there 
is a long lag phase of growth This study has shown, however, that the lag 
phase maj’ be reduced appreciably by supplymg the culture mth trace quantities 
of (XH4)2HP04 Further stuches of the prohne decomposition product, which 
accumulates before NH 4 -N or streptomjmm is produced, may demonstrate a less 
expensive mtrogen source that retains the abihty to stimulate streptomjem 
production 

SUMMARY 

Yields of 1 gram of streptomjem per hter were produced by Slreplomycn 
griseus m a medium contammg prolme as the sole source of nitrogen The cc 
tended fermentation time on this medium may be reduced bj the addition 0 
traces of (XH^lsHPO^ Excess causes reduced streptomycm j leld 

A vegetative moculum of S gnseus developed on a prolme medium is mo e 
satisfactoiy for streptomj’'cm production than is an moculum produce 
(VFTJoTTPOj medium Dunng growth on prolme medium, or bj the action 0 
washed cells, S gnseus produces an unidentified amino-nitrogen-containmg m 
termediate bj’’ a mechanism different from that described for other microo g 
isms The mtermediate acts like prolme in supporting mcreased streptom^c 
production bj’ S gnseus 
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r^Recent studies (Traub, Newhall, and Puller, 1944, 1945, Seastone, 1947, 
Gump, 1945) on the compound hexachlorophene (G-11) (2,2'dihydro\y 
3,5,6,3',5',6'he\achloro-diphenyl-metliane)‘ have indicated a prolonged bac- 
teriostatic effect on human skm In order to explain this protracted effect, 
studies were conducted to determine whether hexachlorophene could be recovered 
from skin for several days follomng its application and whether the skin lipoids 
play any part in the retention of the material As a control, the residual bac- 
tenostatic effectiveness of zephiran chloride (dimethylbenzylalkylammomum 
chloride) was exammed 


MATERIALS AND METHODS 

One per cent hexachlorophene (G-11) liquid soap was prepared as follows 
Ten grams of the monopotassium or monosodium salt of hexachlorophene^ were 
dissolved in 50 ml of hot 95 per cent ethyl alcohol This alcoholic solution vas 
added with thorough mixmg to 1 liter of soap solution prepared by dissolving 200 
grams of clear potash soap m 800 ml of hot distilled water 

The method of determining numbers of skin organisms was essentially that of 
Price (1938) as modified by Pohle and Stuart (1940) The individual to be 
tested wet his hands to a point approximately 1 inch above the wnst joint in a 
hter of sterile distilled water in a sterile basin, to this wet skm area Ivory soap 
was applied for 25 seconds and the hands were thoroughly massaged i\nth the 
lather for 75 seconds The hands were then nnsed for 25 seconds in the liter of 
sterile water, and, after stirring, 1 0- and 0 1-ml samples were plated Counts 
were made after incubation at 37 C for 48 hours and reported as numbers of 
organisms per liter of wash water To inhibit the hexachlorophene earned over 
m the wash water 1 per cent sterile sheep serum was added to the agar plates 
The individuals used in the tests consisted in part of laboratory personnel, the 
remainder being students, with men and women about equally represented 
Most of the counts obtamed before treatment ranged from 1 to 10 milhon organ- 
isms per liter of basin w'ater 

In determining the residual hexachlorophene in the skin, the application of the 
agent was carried out as follows 3 to 5 ml of the liquid soap were applied to the 
hands after w'etting the skm with tap water, the resulting lather was massaged 
mto the skm for 3 minutes, nnsed in tap w'ater, and the apphcation repeated in 
the same manner, givmg a total contact time of 6 mmutes After a final tap 

* W S Gump, U S Patent no 2,250,480 

’ Obtained from Gi\ audan-Delawanna, Inc , Delawanna, New Jersey 
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water rinse, the hands were dned and the residual hexachlorophene m as exiracted 
from the skin of both thumbs by mserting each thumb in turn mto the same 60-ml 
centrifuge tube contaming 15 ml of ether The tube was inverted for 1 minute 
over each thumb, with Penrose tubing connectmg the thumb and the tube to 
prevent leakage The ether was then distilled off with a water-cooled condenser 
Ten ml of broth were added to the residue, and the mixture was sterilized b}' 
autoclavmg at 15 pounds pressure for 15 mmutes This redissolved ether 
extract was diluted serially with sterile broth, and 5 0 ml were inoculated mth 
0 1 ml of a 24-hour broth culture of Staphylococcus alhus, standardized turbidi 
metncally These tubes were then mcubated at 37 C and read at 24-, 48-, and 
72-hour intervals Control dilutions m broth showed that the autoclave 
temperature had no effect on the activity of hexachlorophene 
A senes of controls m which the thumbs of 50 mdividuals were extracted with 
ether pnor to contact with hexachlorophene failed to show any inhi bitory effect 

TABLE 1 


Amount of extractable hexachlorophene at varying time intervals following three conseculite 

six-minute daily washes 


TIME ATTEE HEXACHLOEOPHENE* 

nmiBiToaY dilution op 
ZXTILAC r 

AVERAGE CALCULATED 
AMOUNT OP HEXA 
CELOEOPHENE 

AVEEAGE AMOUNT OF 
HEXACHWEOPHENE P2I 
SGUAEE INCH or SKIN 



MS 

Mg 

Immediately 

1/1,000 dll 

100 

8 0 

24 hours 

1/50 dll 

5 

0 4 

48 hours 

1/10 dll 

1 

0 08 

72 hours 

No inhibition 

None 

*— 

96 hours 

No inhibition 

None 



* Sum of 10 individuals per test 


m the undiluted extracts The amount of hexachlorophene in 5 ml of broth 
necessary to inhibit growth for 48 hours at 37 C of the standard inoculum of 
Staphylococcus alhus was found to be 0 1 /ig (0 0001 mg) The highest inhibitory 
dilution of s kin extract was assumed to contam this amount of hexachlorophene 
The total average s kin area of both thumbs was assumed to be 12 square inches 
Chemical methods or the use of a spectrophotometer m quantitatively determin- 
mg the amounts of hexachlorophene present m various solvents was found to e 
madequate for detecting the small amounts encountered m this expenmenta 
work 


EXPEHIMENTAL KESUin'S 

The amount of hexachlorophene deposited on the skm by three consecutive 
daily 6-mmute washes with the agent in hquid soap w^as determmed immediate > 
afterward, and at 1-, 2-, 3-, and 4-day mtervals following the last contac 
Table 1 shows that approximately 8 0 pg of hexachlorophene were recovered now 
each square mch of skm immediately after the thud application Tw enty-lo 
hours after the thud apphcation the amount recovered was 0 4 pg per squar 
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inch, nnd after 48 houis 0 08 ng was found Residual hexachlorophene was not 
detectable 72 or 96 hours after the last contact with the agent 
The amount of hexachlorophene lecovered when 2 per cent hexachlorophene 
bai soap m as substituted for the liquid soap tested above was determined The 
same till ee consecutive daily 6-mmute ivashes were employed In six mdividuals 
the average amount recoveied immediately after the last application was 0 8 
per squaie inch of skin, oi only one-tenth the amount recovered after a 1 percent 
liquid soap 

A parallel senes of tests ivith 1 per cent zephiran chloride was planned in order 
to deteimme its persistence in skin as compared to 1 per cent hexachlorophene 
However, since no prolonged bacteriostatic effect was noted, further study of this 
material v as abandoned Table 2 presents the results indicating the absence of 
any residual effect on the skin flora 24 hours after three daily 6-mmute apph- 

TABLE 2 


Comparison of residual effects of zephiran chloride and 1 per cent hexachlorophene following 
three consecutive six-minute daily washes 


SUB 

JECTS 

OBICINAL COUNT 

24 BOORS 
AFTER 2EPn 
IRAN CBEO 
HIDE 

SUB 

JECTS 

ORICIKAI. COroiT 

24 HOURS 
AFTER HEXA 
CHLOROPHENE 

SUB 

JECTS 

ORIGINAL COUNT 

43 HOURS 
AFTER HEXA 
CHIORO 
PHENE 

A 

14,100,000 

7,380,000 

F 

2,830,000 

230,000 

K 

23,200,000 

441,000 

B 

4,810,000 

3,480,000 

G 

9,560,000 

430,000 

L 

7,740,000 

231,000 

C 

5,230,000 

3,490,000 

H 

3,180,000 

90,000 

M 

14,000,000 

185,000 

D 

240,000 

280,000 

I 

3,360,000 

120,000 

N 

6,950,000 

620,000 

E 

1,250,000 

770,000 

J 

2,220,000 

HIIBiilijli 

0 

5,130,000 

840,000 


Figures represent the number of organisms per liter of wash water 


cations of zephiran chloride The hexachloiophene effect is still evident 48 
hours after application 

In view of the fat solubility of hexachlorophene noted by Gump (1945), an 
attempt was made to determine whether its residual bactenostatic effect was due 
to solution and retention in the natural fats and oils of the skin If this were 
true, the extraction of the skin hpoids before treatment with hexachlorophene 
should reduce the residual bacteriostatic effect However, the opposite effect 
was obtained The normal resident bacterial counts of six individuals were 
determined prior to the start of the experiment The hands were then immersed 
for 2 minutes in equal parts of acetone and ether, and this extraction was repeated 
m ordei to ensure as complete removal of fats and cdls as possible, after which the 
hands weie soaped with 1 per cent hexachlorophene soap solution for 3 minutes 
and rinsed, and the procedure was repeated, givmg a total contact time of 6 
minutes Tv enty-four and 72 hours following this single hexachlorophene wash, 
skin counts were taken 

A control group of 6 individuals was tested after an ether-acetone wash without 

’ The solid soap was furnished through the courtesy of Johnson and Johnson, New 
Brunswick, New Jersey 
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hexachlorophene, another group of 6 persons was studied after a single he\a- 
chlorophene 6-mmute wash without ether-acetone pretreatment Table 3 
shows the greater and more prolonged effect of hexachloiophene on those persons 
whose skin had been defatted before application of the agent The residual 
material recovered from the ether-acetone mixture showed no inhibitoiy tflert 
upon hexachlorophene tn vtlro 


TABLE 3 


Comparison of residual effect of hexachlorophene on defatted and normal skin 


SUBJECTS 

TREATMEKT 

BETOSE TREATilEVT 

24 HOURS APTEK 
WASH 

72 HOURS Amt 
^\As^ 

A 

Defatted with ether-acetone 

3,620,000 

10,000 

740,nm 

B 

6 minute hexachlorophene 

1,710,000 

90,000 

2,510 onn 

C 

wash 

220,000 

200,000 

180, nnn 

D 


11,940,000 

20,000 

150 000 

E 


2,920,000 

100,000 

640 onn 

F 


2,710,000 

40,000 

200 oon 

Average 

3,840,000 

76,600 

7C2 onn 

G 

Defatted with ether-acetone 

1,830,000 

230,000 

1,970,000 

H 

No hexachlorophene wash 

2,440,000 

1,420,000 

1,650,000 

I 


220,000 

140,000 

92,000 

J 


4,020,000 

4,720,000 

3,760 000 

K 


2,290,000 

1,130,000 

2,650 ono 

L 


3,590,000 

610,000 

1,190 ono 

Average 

2,400,000 

1,370,000 

1,868,000 

M 

6-minute hexachlorophene 

8,940,000 

1,750,000 


N 

wash No ether-acetone 

750,000 

20,000 


0 

treatment 

2,380,000 

210,000 


P 


11,230,000 

4,630,000 


Q 


7,340,000 

1,170,000 


R 


4,330,000 

123,000 


Average* 

5,830,000 

1,300,000 

1,620,000 


The figures represent the number of organisms per liter of wash water 
* The counts shown above are higher than those in table 2 because only a single exa 


chlorophene application was used 


In a previous study (Seastone, 1947), it was noted that the bactenosta ic 
potency of hexachlorophene ivas depressed about 100-fold by the addition o 
per cent serum to the broth or agar used for testing A brief expenmen " 
conducted to determine whether albumin or globulin is responsible for t ise ec ^ 
Sterile punfied egg albumin ivas diluted in sterile water to a concentration com 
parable wuth that of normal serum albumin (4 8 per cent) One-tent 
amounts of this solution were added to 9 8-ml amounts of sterile broth contami 
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varied concentrations of hexachlorophene These were inoculated with 0 1 ml 
of the standarized 24-hour broth suspension of Staphylococcus albus, incubated at 
37 C, and read at 24-, 48-, and 72-hour intervals Puiified human globulin was 
similarly diluted to a concentration comparable with that of normal serum (1 9 
per cent) and the above-described procedure was repeated Controls on the 
albumin, globulin, whole serum, and hexachlorophene broth were included It 
appears from table 4 that both globulin and albumin show the hexachlorophene- 
mhibitmg effect of whole serum 


TABLE 4 


Depressing effect of serum components on bacteriostatic action of hexachlorophene 


Hexachlorophene 

io-< 

10-' 

10-® 

10-J 

10-» 

Control 





-f 

+ 

1% serum 

— 

-f- 

+ 

+ 


0 0484 % albumin 

— 

+ 

-f 

+ 

+ 

0 0189% globuJin 

— 

+ 1 

+ , 

+ 

1 -h 


-J- = growth of standard inoculum of Staphylococcus albus in 72 hours 
— = no grow th in 72 hours 


DISCUSSION 

The prolonged bacteriostatic effect of hexachlorophene, as might be expected, 
is explained by retention in the skin of detectable amounts of the matenal during 
the time interval in which its effect on the skin flora is apparent When a solid 
soap vehicle was substituted for a liquid, the amount of retained hexachlorophene 
was reduced about tenfold This is of interest in view of a similar observation 
(Seastone and Erickson, 1948) based on skin counts, in which it was shown that 
the solid soap vehicle is also less effective m reducing the resident bactenal skin 
flora The most obvious explanation for this difference hes in the fact that a 
much larger amount of the agent comes into contact with the skin when it is 
dissolved m a liquid soap vehicle 

The unexpected enhancement of bactenostasis following defatting of the skin 
may indicate that a larger reservoir becomes available for the retention of hexa- 
chlorophene following this treatment It implies that the residual hexachloro- 
phene activity IS not due to solution and retention in the lipoids of the skin 

One finding of incidental interest, not reported elsewhere in this paper, is the 
rare occurrence of unusually high skin counts m individuals using hexachloro- 
phene This has been seen only twnce m our expenence, the counts being several 
million per liter of wash water In both cases the skin flora proved to be entirely 
gram-negative bacilli of the coliform group and m both cases these high counts 
were transitory since tests after a few days’ continued use of the* compound 
showed characteristic low counts The phenomenon could not be induced again 
m these individuals, indicatmg that a permanent resistant flora w'as not 
estabhshed 
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Hexachlorophene (G-11) has been recovered from skin 2 days after three 
consecutive daily 6-minute apphcations of 1 per cent solution in liquid soap 
Approximately ten times less hexachlorophene was recovered from skin follow 
mg the use of a 2 per cent preparation in solid soap 

One per cent aqueous zephiran chloride exhibited no prolonged residual bac 
tenostatic effect on the skin 

Preliminary treatment of skin with acetone and ether increased and prolonged 
the bacteriostatic effect of hexachlorophene in the skin 
The effect of whole serum in reducing the bactenostatic effect of hexachloro 
phene could be duphcated by egg albumin or serum globulin 
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Fumaric acid formation in high yields from sugar by fungi belongmg to the 
genus Rhizopus has been knoivn for a long time and studied extensively (Gott- 
schalk, 1926, Butkewitsch and Federoff, 1929o,&, 1930a, 6, Foster and Waks- 
man, 1939a,6) The folloivmg scheme first proposed by Gottschalk epitomizes 
present concepts of the mechanism of fumarate formation from hexose 


-4H 


+4H 


CeHiaOs > 2CH3COCOOH .. decarboxylat _ ion _^ 2CH3CH2OH + 2CO2 

hexose pyruvic acid ethyl alcohol 

1+0 


CHCOOH 

!l 

CHCOOH 


-2H 


CHs— COOH 


+0 ^ CH2— COOH 


-2H 


+0 


2OH3COOH 


fumanc 

acid 


succinic 

acid 


acetic 

acid 


A typical alcohohc fermentation is the first stage The alcohol (or the acetal- 
dehyde) undergoes aerobic oxidation to acetate, this m turn bemg oxidized via 
the Thunberg-Wieland condensation yielding succmate, thence to fumarate 
With an exceptionally high fumarate-yieldmg stram (no 45) of Rhizopus nigri- 
cans we observed that the rate of conversion of alcohol into fumarate by pre- 
formed mycehum was too slow to account for its formation from glucose, mdi- 
catmg a possible alternative mechanism of fumarate synthesis This has been 
demonstrated, and it differs from the mechanism above m that it is independent 
of oxygen 


EJiPERIMENTAL DATA 

Methodology was m general similar to that employed previously (Foster and 
Waksman, 1939a,6), except that fumarate was determmed accordmg to Stotz 
(1937), glucose by Shaffer and Somogjn’s method (1933), and alcohol by dichro- 
mate oxidation R nigncans no 45 proved distmct from other fumanc-acid- 
formmg strains m two respects (1) it produces the highest yields aerobically, 
amountmg on a weight basis to 45 to 55 per cent of the sugar consumed (Foster 
and Waksman, 19396), (2) fumarate formation from glucose by washed surface 
pads IS not e limina ted anaerobically, the yields under this condition rangmg from 

* Supported by a generous grant from Ciba Pharmaceutical Products, Inc 

329 



330 


JACKSON "W FOSTER AND JOHN B DAVIS 


[vOL SO 


one-third to one-haK of those obtamable aerobically (table 1) Calcium car- 
bonate was present to neutralize the accumulated acidity 
The fumaric acid was isolated by ether extraction and identified by melting 
pomt, unsaturation, and neutralization equivalent If one calculates all the 
products in terms of Cj equivalents, the total is in excess of the amount of Cj 
theoretically obtamable from hexose by the alcoholic fermentation mechanism 
As seen from column 4 m table 1, 16 06 mM C2 are available but a total of 19 17 
mM C2 was recovered as alcohol, lactate, and fumarate The C2 equivalency of 
the alcohol and lactate is unmistakable, the fumarate apparently causes the dis 
crepancy and one can only conclude that it does not arise via the assumed con 
densation of 2C2 


TABLE 1 

Achon of Rhizopus mgricans no 46 on glucose solulton* in hydrogen almosphere 



Glucose consumed 

Fumanc acid 
Calcium in solutionf 
Calcium accountable as fumanc 
acidt 

Ethyl alcohol 
Lactic acidf 

Volatile acids 

Weight conversion of glucose to 
fumanc acid, per cent 



* Fifty ml of 3 per cent glucose 

t No free acidity nas present as judged by titration of a 5 ml aliquot Complete ncu 
tralization of the acids in an aliquot was achieved by warming the solution before ana ysis 
t Later work showed lactic acid to be the other acidity In this case the remaining a 
in solution was considered as Ca-lactate, 1 e , 0 090 g lactic acid (=1 00 mu) 


An alternative mechanism and one that could proceed independently of oxy6®“ 
is the C3 + Cl condensation (Wood-Werlcman reaction) between pyruvate an 
carbon dioxide to 3aeld oxalacetate, which, by means of well-knoivn secon aiy 
reactions, is converted to fumarate 

+2K 

CO2 + CH3COCOOH > HOOCH2COCOOH ^ 

pyruvatG oxa.la.cetcitG 

HOOCCH2CHOHCOOH > HOOCCH CHCOOH 

malate 

None of the evidence available is inconsistent with this premise A C3 0 
of fumarate is m agreement with the amount available from the sugar 
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Cj available from sugar, 16 66 mM 

Cj equivalency of 
alcohol 
lactate 
fumarate 


12 65 mu 
1 00 
2 76 


Total found 


16 41 


It has not been possible to demonstrate an actual uptake of CO 2 because a 
great e\cess of CO 2 is formed concomitantly during the alcohol fermentation 
stage Gas exchange experiments were done in W arburg respirometers Homog- 
enous cell material was obtained on a shaker in 5 per cent glucose salts medium 
contaming precipitated CaCOa as a neutralizing agent The mycelial suspen- 
sions obtained thereby were not ideal, for they consisted of clumps and small 
balls of varymg sizes, but this technique did allow apportionment of equal 
amounts of mycelium As will be seen later, these clump structures proved to be 
a source of difficulty Three-day-old mycelium was collected on a filter, dis- 
persed m water to allow excess CaCOj to settle out, and washed in dilute (1 per 
cent) HCl to dissolve adhering carbonate Evidently CaCOs is bound very 
tenaciously by the mycelium, for sometimes repeated or prolonged washings 
failed to remove all of it It was a mistake to assume that all the carbonate was 
eliminated even after it appeared that no more could be shaken out in water 
Following a final water wash, the mycelium was sucked free of excess moisture 
on a Buchner The thin pad of mycelium disintegrates easily, and aliquots are 
weighed on the analytical balance Diy weight equals about 16 per cent 
Several anaerobic flask experiments were conducted with mycelium, prepared 
as above, acting on glucose in desiccators with a natural gas (CHd atmosphere 
To minimize diffusion limitations, the desiccators were set on a shaking machine 
Anaerobiosis was checked periodically by placing freshly inoculated slants of 
Bacillus suhlihs m the desiccator, not even the slightest visible gro^vth was ever 
observed on these slants mdicating absence of oxygen Decolorized methylene 
blue glucose solution also was used as an indicator of anaerobiosis An alcohol 
solution was supplied to control mycelium in each desiccator as a check agamst 
fumarate formation via C 2 condensation This was never observed 

Age of mycelium For both shaker or surface culture, the age of the mycelium 
mfluences its capacity to form fumarate from glucose anaerobically Thus, 1-, 
2-, and 3-day-old shaker mycelium produced, respectively, 10 3, 13 1, and 17 4 
per cent weight conversion of glucose to fumarate The effect was much more 
marked with surface mycelium 5-, 7-, and 9-day-old mycehum gave conversions 
of 0 6, 3 3, and 18 1 per cent, respectively 
Effect of pH Mycehum harvested from a neutral medium is superior in 
anaerobic fumarate formation to mycelium from acid media But, m the anaero- 
bic replacement phase, both neutral- and acid-growm mycelium require acid con- 
ditions for maximum fumarate formation (table 2) Neutrahty was mamtamed 
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by CaCOs Treatments with no CaCOs rapidly become acid The jaold in acid 
environment was 3 to 4 times that under neutral conditions (excess CaCOj) 
Excessively low pH values (below pH 2 5) are inhibitory to further accumuh 
tion of fumarate The pH drop to 2 5 in the acid treatments is due solely to the 
organic acidity resulting from fermentation of the glucose Neutral grown 
mycelium always traps a small amount of carbonate, which prevents the pH from 
falling to an inhibitory level in the replacement phase when no added neutraliz 
mg agent is present The optimum pH range is about 3 0 to 4 0 When sufli 
cient carbonate is added to maintain the pH significantly above 4 0, there is a 
sharp reduction in fumarate yneld Thus CaCOs added at the rate of 0 1 to 
0 4 mg per ml maintained the pH between 3 4 and 3 8 with a maximum convcr 
Sion yield of fumarate of 14 5 per cent 

One mg CaCOs per ml maintained the pH at 4 75, resultmg m only one half 
the maximum fumarate yield This pH effect is emphasized here because it 


TABLE 2 

Acidity and anaerobic fumarate formation* 


TYPE OP UYCELIUM I EEPLACEUEKT PHASE I PINAI. pH 


Acid 
Acid 
Neutral 
Neutral 
Neutrall . 
Control / ' 


Acid 

Neutral 

Acid 

Neutral 

Acid 

Neutral 


PINAI pH 

fumabic acid 

rOBlIED 


CTf/ml 

2 5 

2 98 

6 4 

1 11 

3 7 

4 20 

6 6 

1 07 


0 


0 


WT CONVIXSIOS OT 
GLUCOSE TO rUUAXIC 


) ! * 

* Glucose consumed in each case was 34 2 mg per ml Incubation, 2 days 
t Water only in these treatments 


t Water only in these treatments 

underscores the drUerenoe m the opt,n.^ pH for the 
B nigricans aerobically and anaerobically, additional evidence t 
mechanisms m this organism Aerobically excess carbona ( ^ J legman, 

pH) IS optimum where highest yields are crucial {Knne et al , 1944, 

^^Se fact that an acid range was optimum for ^ 

facilitated greatly subsequent experimental work, fo of the 

ivith aseptic precautions in bacterial contamina 

rapid development of acidity, which effectively prevents bacteria 

Mycelium cultivated m ^ 

that from CaCO, -buffered medium with ^^^tcr suspension m 

Storage of mycelium The storage of washed ability mthm a 

an icebl results in rapid loss of anaerobic 
teek When the mycehum IS held in Its onginalgronlh culture n 
its activity IS mamtamed over a week or more „ , of of the origin of 

Attempts to produce biotin^ficient ^ f tbis reaction could 1^ 

anaerobic fumarate via CO. “ in this respect, 

specificaUy inhibited At present there are no poisons spec 
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and the only tool available is to secure a deficiency in biotin, the coenzyme of the 
fixation reaction (Potter and Elvehjem, 1948, Shive and Rogers, 1947) This 
problem is not so simple in R nigricans as it is m certam other systems because 
the fungus is prototrophic vnth respect to biotm, whereas the other systems re- 
quire exogenous biotin Three different approaches all were uniformly negative 
(a) Storage of mycehum at pH 4 5 accordmg to the method of Lichstem and Um- 
breit (1947), whereby Escherichia coli can be rendered biotin-deficient by enzym- 
atic destruction of the cellular biotm (b) Groivth m the presence of analogues 
of desthiobiotin (Rogers and Shive, 1947) The followmg desthiobiotm an- 
alogues- known to be effective m certam bacteria were meffective when tested at 
1 mg per ml with very small mocula of spores or vegetative mycehum of R 
nigncans no 45 4 methyl-5-(w-carboxyoctyl)-2-rmidazohdone, 4 methyl-5-(v- 
carboxyamyl)-2-imidazohdone, and 5-(w-carboxyamyl)-2-imidazohdone (c) 
Biotmless mutants Notwithstandmg the fact that R nigricans sporangiospores 
are multmucleated (3 to 5 average) and that no segregation of nuclei is possible 
via sexual reproduction, an attempt was made to obtam mutants usmg a mtro- 
gen mustard accordmg to techniques especially designed to predispose the best 
chances for asexual segregation Some 2,000 sporangiospores were tested^ in 
complete and m mmunal synthetic media without reveahng a smgle deficiency 
mutant About a dozen distmctive morphological mutants were obtained and 
several slow growers, which on the second or thud transfer grew at the normal 
rate 

CO 2 deprivation Another possible nay of lepressmg specifically the carboxy- 
lation of pyruvate is to reduce the CO 2 concentration to a pomt where the fixa- 
tion enzyme is unsaturated with respect to this particular reactant Though 
the solubihty of CO 2 is neghgible m the pH range 3 to 4, which is optunum for 
anaerobic fumarate formation, it has not been possible to achieve a CO 2 deficienc 3 '’ 
because the mycehum vigorously generates CO 2 by means of alcoholic fermenta- 
tion This can only mean that the mterior of the fungus cells contams significant 
amounts of CO 2 at all times, enough to keep the fixation reaction gomg at an un- 
dimmished rate This was true even when the fermentation was conducted in 
a high vacuum, to remove intracellular CO 2 as quickly as possible The vigor 
of the CO 2 formation was evidenced by a contmuous stream of bubbles emanatmg 
from the hyphae kept m a vacuum Though evacuation did remove some of 
the CO 2 , there could be three reasons vhy it did not remove enough to suppress 
CO 2 fixation (1) the cell sap probably is well buffered near neutrahty, which 
means that considerable CO 2 would be retamed m solution as bicarbonate, (2) 
loss of CO 2 from the cells is impeded by the cell membrane and wall, (3) the cells 
of this coenocytic organism are thick It is questionable that CO 2 could be re- 
moved mstantly and completely from the mterior of hyphae of such large diame- 
ter We assume reassimilation occurs before the CO 2 has a chance to diffuse out 
of these large fungus cells 

* We wish to thank Dr R Duchinsky and Dr J A Aeschlimann of HofFman-LaRoche, 
Inc , for generous gifts of these derivatives 

’ We wish to thank Messrs James Norman and Kenneth Roemer and Miss Rubj Rae 
Allen for valuable assistance in the mutation work 
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Manimeinc slates of gas balance For eveiy mole of alcohol formed there 
should be formed 1 mole of CO 2 Any reutihzation of the latter in the synthesu 
of C. dicarboxyhc acids should result m a CO, alcohol ratio of less than I Sev 
oral Warburg manometric experiments showed peculiarly wide deviations in the 
CO, alcohol ratio Only m a few cases were the ratios less than unity and mo.t 
of these only slightly less Fiequently the ratio exceeded unity-and to vaiymg 
degrees In order to get sufficient fumarate formed for its determination m the 
manometer vessel contents, it was essential to use 3 per cent glucose solution, 
mercury was used as the manometer fluid About 70 mg mycelium, moist 
weight, were used per vessel, the experiments generally requiring about 12 hours 
The manometnc studies were completed usmg HCl-washed mycelium before the 
significance of the difficulties of removing residual-trapped CaCO, was fully ap 
predated We mterpret the varymg high CO, alcohol ratios obtamed as being 


TABLE 3 


E ermentalion balance 0 / Rhizopua nigricans no 



m%lml 

miiclf 

Glucose consumed 

23 14 

0 129 

Fumanc acid 

3 23 

0 028 

Ethyl alcohol 

8 55 

0 180 

Lactic acid* 

4 0 

0 Oh 

CO, 

7 90 

0 ISO 

Carbon recovery 

103 3 per cent 


O/R index 

1 12 


Cj available from glucose 

0 25S mMoIs 


Ci found in products 

0 258 mMols 



* By the method of Barker and Summerson (1911) 


due to dissolution of this carbonate by the acids formed, giving that much e.\ces3 
CO, The variation m results is in accord ivith the differing amounts of trapped 
carbonate that would be expected In some experiments, however, this source 
of difficulty did not obscure the nature of the events taking place For evampis, 
m one case m which the fumarate yield from glucose was 8 2 per cent there ivero 
formed 0 0845 mM CO, and 0 0913 mM ethanol The ratio of 0 92 in this caso 
mdicates reutihzation of CO, In one case “acid” mycelium was used, that is, 
a hmited amount of carbonate was furnished m the growth medium, and tho 
mycelium was used 1 day after visible carbonate was dissolved Ostensibly this 
mycelium was carbonate-free, and a manometnc experiment m duplicate clear y 
showed a substantial CO, deficiency The ratio was 0 81, the fumarate yie 
was 4 9 per cent As noted earlier, “acid” mycelium is inferior m anaero ic 
fumarate formation, as is mycelium from medium buffered with phospha e 
Hence the use of mycelium from carbonate-buffered media 
Table 3 gives the balance of products in another manometnc expenmen 
The CO, alcohol ratio here is 0 97, but the data show this to be artificially hig / 
because of extraneous CO, from residual carbonate The C, balance happens 
to be theoretical (0 258 0 258 = 100 per cent) However, both the carbon rc- 
coveiy and the O/R mdex of the fennentation products are m excess of theory, 
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and in view of the theoretical Ca balance, extra oxidized carbon must be present, 
1 e , COa from trapped carbonate Thus, the actual COa alcohol ratio must be 
appreciably less than unity 

Oxalacelale decarboxylase The presence of the enzyme responsible for COi 
fixation has been demonstrated The reverse action was studied, namely, the 
decarboxylation of oxalacetic acid (OAA) The decomposition was linear for 
the 1-hour duration of the experiment (table 4) Mycelium desiccated in vacuo 
over P;06 was considerably more active m decarboxylation of OAA than was 
fresh mycelium of corresponding dry weight, presumably a permeability matter 
(Krampitz and Workman, 1941) Cell material dehydrated with acetone-ether 
or with dioxane was inactive 

The enzymatic de'carboxylation was calculated by deducting the endogenous 
and the boiled cell controls fiom the total obtained with unboiled material, and 
it probably represents the minimum value, because cell extractives in the boiled 
control contain substances that catalyze spontaneous decomposition of OAA 
In addition to all the foregoing evidence for origin of the anaerobic fumarate 
via COa fixation in R nigricans there is to be considered the direct evidence re- 
sulting from the use of radioactive carbon as a tracer (Foster el al , 1941), when 
the carbon resided exclusively in the carboxyl groups of the fumarate However, 
the tracer experiments merely indicated the qualitative nature of the reaction 
There was no indication of a bulk fixation taking place, as the foiegoing has 
demonstrated Fumarate is formed anaerobically also by animal tissue and by 
Escherichia coli (Krebs and Eggleston, 1940), but not in bulk as above 
Based on the findings above the fermentation of glucose by Rhuopus nigncans 
no 45 may be represented as follows 

nCeHi 2O6 


CH5CHOHCOOH 
lactic acid 


+2H ' 

nCH,COCOOH 


pyruvic acid / 



HOOCCH2COCOOH 
oxalacetic acid 

-t-2H 

HO 0 C CH2 CHOHC 0 OH 
malic acid 


1 -hoh 

HOOCCH CHCOOH 
fumaric acid 


CO2 + CHjCHO 
acetaldehyde 

-J-2U 

CH3CH2OH 
ethyl alcohol 
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In essence this scheme represents a reduction of pyruvic acid in three vajs b^ 
fore decarboxylation (lactate), after decarboxylation (alcohol), and after carbovi 
lation (fumarate via malate) 


DISCUSSION 

The discovery that bulk formation of a C 4 dicarboxylic acid from sugar b\ 
fungi can take place independent of oxygen and that it arises via fixation of 
carbon dioxide has important implications for our understandmg of the carbo 
hydrate metabohsm of fungi in general, and m particular for those t}'pified 
by the formation and accumulation of organic acids It offers clarification of a 
number of seemmgly anomalous results in the literature dealmg with fumanc 
acid formmg fungi of the Rhizopus mgncans type and also citric acid formation 
by Aspergillus niger strams (Wang, 1941, Barinova, 1941, Butkewitsch and 
Gaevskaya, 1935, Gudlet 1935a, fi, Zhuravskii, 1939, Wells, Moyer, and May, 
1936) 


TABLE 4 


Oxalacelate decai boxylase in Rhizopus nigricans mycelium 


TiEATUENT 

COl IN 1 DI 

30 mg dry wt mold, no OAA 

P 

126 

30 mg dry wt mold -f 0 01 msi OAA 

37r 

30 mg dry wt mold boiled, + 0 01 msr OAA 

68 

CO 2 due to enzymatic decarboxylation 

193 


The anomahes arise from the fact that physiological balances bet^veen carbo- 
hydrate consumed and CO 2 and organic acids produced were not consistent with 
values expected accordmg to the mechanisms conventionally used to interpret 
their formation These mechamsms all predicate an initial alcoholic fermenta 
tion and subsequent aerobic condensation of the C 2 moieties to Ci and, in the 
case of citrate, of C 4 -f C 2 Because of acid yields exceeding those possible b> 
these schemes, mechanisms such as a direct C 4 dr C 2 split of the hexose chain an 
even a closmg of the Ce chain have been postulated 
These novel theories do not have to be resorted to if one considers that all 
available data can be reconciled to the fact that m various fungi tv 0 mechanisms 
for the synthesis of C 4 decarboxyhc acid can take place concomitantly , name > , 
C 2 -f C 2 and Cg -f Cl The Ci is reutilized as a by-product of the C 2 formation 
This IS a logical explanation for the high yields of fumarate and citrate 
low CO-. yields reported for certain strams This idea was suggested on the basi 
of quahtative CO 2 fixation studies with C» (Foster el al , 1941) m ^^ich the fixco 
CO 2 was located m the carboxyl groups of fumarate and citrate The u 
mation of C 4 reported now lends added v eight to this idea 

Special note must be made of the fact that four other strains of ilincora rs 
produce fumanc acid aerobically do not produce fumarate anaerobicallj 
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affords one explanation of strain specificity inth regard to organic acid produc- 
tion bj' fungi, at least for fumarate and citrate, and possibly for others That 
IS, stiain specificity, in part at least, depends on the possession of a bulk CO2 
fixation mechanism that supplements the regular C2 condensation mechanism for 
sjmthesis of C4 and Cs acids Different strains may possess this mechanism to 
varying degrees Doubtless all exceptionally high yieldmg strams will be found 
to possess a bulk CO2 fixation mechanism In the case of citnc acid, it is well 
to keep m mmd the possibihty of bulk CO2 fixation via oxalosuccimc acid 
There is reason to believe a similar situation holds for the formation of oxahc, 
itaconic, and succinic acids by fungi 

SUMMABY 

A stram of Rhtzopits nigncans (no 45) forms fumanc acid anaerobically from 
glucose m jnelds approximating 20 per cent of the carbohydrate consumed The 
other fermentation products are ethyl alcohol, lactic acid, and CO2 Evidence 
IS presented that mdicates that the fumarate is formed by CO2 fixation and m- 
volves the Wood-Werkman reaction (pyruvate CO2) Vanous factors mflu- 
encmg this fermentation are reported The fungus mycehum is shown to con- 
tam the enzyme that is responsible for CO2 fixation, oxalacetate decarboxylase 
This orgamsm possesses two mechanisms for fumarate formation (1) the above- 
descnbed C3 + Ci fixation, which can proceed anaerobically, (2) a C2 + C2 con- 
densation that occurs only aerobically Probably both reactions proceed con- 
comitantly m the presence of air Existence of the bulk C3 + Ci mechanism 
offers an explanation of the yields of orgamc acids (fumanc, citnc, and oxahc) 
formed by fungi m excess of those compatible with an ongin exclusively from C2 
intermediates 
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Dunng the war, it was found that phenylacetic acid was a constitutent of 
penicillin G Hence phenylacetic acid and its derivatives were used in culture 
media for pemcilhn production in English and Amencan laboratones Pubhca- 
tion of the work was delayed because of wartime restrictions In early work on 
precursor addition Penictlhum notatum NRRL 1249 B21 was used in surface 
cultures, and P notatum NRRL 832 and Pentcilhum chrysogenum 1951 B25 m 
submerged cultures (Moyer and Coghill, 1947, Glaxo Laboratones, Ltd , el al , 
1940, Coghill and Moyer, 1947) It may be pointed out here that workers m 
this field have so far been able to modify only the side cham of the pemcilhn 
molecule Even m this respect no success has been achieved in mducing the 
biosynthesis of pemcillms with aliphatic side chams (Stone et al , 1946, Snuth 
and Bide, 1948) 

Most work has been done on precursors for pemcilhn G, because of its greater 
therapeutic value (Clowes and Keltch, 1947, Turner et al , 1947, Eagle and 
Fleishman, 1948) The Editonal Board of the Monograph on the Chemistry of 
Pemcilhn (1947) has recently published a hst of representative compounds 
effective as precursors for pemcillm G, the data for which were obtained from 
Glaxo, LiUy, Cutter, Heyden, and Abbott Laboratones 

In this study an attempt has been made to detenmne the effect of various 
types of pemcilhn G precursors on pemcillm yield, proportion of pemcilhn G, time 
of fermentation, and pH 


EXPERIMENTAL METHODS 

Fermentation techniques P chrysogenum Q176 was used exclusively in this 
study Data regardmg the ongm of this strain and regardmg the pemcilhn 
yields and types obtained by its use have already been pubhshed (Backus et al , 
1946, Higuchi et al , 1946, Jarvis and Johnson, 1947, Winsten and Spark, 1947) 

Vegetative moculum prepared by the method descnbed by Gaily et al (1946) 
and Jarvis and Johnson (1947) was used throughout It was found convement 
to dilute the inoculum with an equal amount of stenhzed distilled water to 
increase its flmdity 

The fermentation medium contained (m grams per hter) lactose 30 0, glucose 
10 0, ammomum acetate 3 5, ammomum lactate 5 5, and the standard salt mix- 

' Pubbshed with the approval of the Director of the Wisconsin Agricultural Experiment 
Station Supported in part by grants-in-aid from Merck and Company and the Schenley 
Research Institute 

’ Government of India Scholar 
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ture of Jarvis and Johnson (1947) Ammonium lactate was prepared by nd 
justing diluted and depolymenzed lactic acid to pH 8 6 with ammonium hydroxide 
In fermentationswith i3-phenylethylamme asprecursor, the concentration of ammo- 
nium lactate was increased to 6 0 grams per liter The sugar solution was sten 
Iized separately and added to the medium just before inoculation The final pll 
of the basal medium was always between 6 0 and 6 2 This synthetic medium 
was used in all fermentations except those of figure 5b, in which a com steep 
hquor medium was employed This contained (in grams per liter) corn steep 
liquor (dry basis) 30, lactose monohydrate 30, glucose 10, and calcium carbonate 
10 


Eighty ml of fermentation medium xvere incubated m 500-ml Erlenmeyer 
flasks The medium consisted of 47 ml salt solution, 26 ml sugar solution, and 8 
ml diluted inoculum The flasks were incubated at 23 C on a rotary shaker, 
which described a 1-inch circle at 320 to 330 rpm Samples for penicillin 
assays were taken daily under aseptic conditions 
Preparation of precursors Esters of ethyl, isopropyl, butyl, isobutyl, and 
ocatadecyl alcohols and of ethylene glycol were prepared by refluxing mth 
phenylacetyl chlonde in the presence of pyndine The saponification equivalents 
of these esters after punfication were foimd to be correct withm ± 2 per cent 
Phenylacetylglycine and phenylacetyl-DL-alanme were prepared by the method 
of Hotter (1888) and decolonzed with activated charcoal Phenylacetyl 
phenylethylamine was prepared by the method of Pictetand Kay (1909) Phen 
ylacetylmethylamine was prepared by reacting a 5 per cent aqueous solution of 
methylamine xvith phenylacetyl chlonde in an ice bath in the presence of 20 per 
cent NaOH It xvas dned and crystallized from benzene 
The melting points found for phenylacetylglycine (143 C) and phenylacetyl 
fl-phenylethylamine (93 C) agreed veiy closely with those given in the literature 
Phenylacetyl-nn-alanine and phenylacetylmethylamine melted at 141 C and 


59 C, respectively 

All the precursors were stenlized separately /1-Phenylethylamine was added 
as the lactate at pH G 0 Phenylacetic acid, phenylacetylglycine, phenylaccty 
DL-alanme, and nn-phenylalanine xvere added as aqueous solutions of their sodium 
salts The pH of the phenylacetate was about neutral, that of phenyincety 
glycine and phenylacetyl-DL-alanine salts xvas 6 0 to avoid hydrolysis during 
sterilization, and that of nn-phenylalanme xvas 10 0 to render the latter solu c 
When DD-phenylalamne was used as a precursor, the pll of the contents o f m 
flasks was adjusted to that of the control by the addition of steiilc 1 ^ I • * 

Phenylacetomtnle, /3-phenylethyl alcohol, and the phenylacetatcs of ethj , i^^ 
propyl, butyl, and isobutyl alcohols and of ethylene glycol xvere added as pure 
liquids, whereas phenylacetaldehyde was added as a 50 per cent solution m a ^ 
hoi Phenylacetamide, phenylacetylmethylamine, phenylacetyl-fl-pl'cnylc 'O ^ 
amme, and octadecanol phenylacetate were added as solid compounds i aas 
3 replicates of all fermentations were run The penicillin values reported a 


average of these replicates j 

Analytical procedures Penicillin assays w ere made by the Oxford cup m 
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with the use of Staphylococcus aureus H as the test organism (Foster and Wood- 
ruff, 1944 , Schmidt and Moyer, 1944) Pure penicilhn G was used as a standard 
The pH of the samples was determmed by means of a glass electrode, immedi- 
ately after removal from the fermentation flasks A delay of half an hour would 
cause an increase in the pH reading of 0 2 to 0 3 umts because of the escape of dis- 
solved COj Pemcilhn G determmations were made by the method of Thom and 
Johnson (1948) Free phenylacetic acid was detennmed by the method of 
Higuchi and Peterson, based on two-phase chromatography, the details of which 
will be published elsewhere 


RESULTS AND DISCUSSION 

Toxicity of p-phcnyletliylarmne and phenylacetic acid A companson of the 
toxic effects of /3-phenylethylamme and phenylacetic acid is given m figures 1 and 
2 It vnll be seen from figure 1 that /3-phenylethylamme was effective m mcreas- 
mg the penicillm yield when it was added at the tune of moculation or up to 15 
hours after the addition of the inoculum, when the pH was about 5 9 to 6 2 It 
proved to be toxic, however, when it was added at a pomt when the pH had nsen 
beyond neutrahty This toxicity of /3-phenylethylamme was not lessened by 
purification of the compound through a Fenske distillation column contaimng 10 
to 12 theoretical plates That the toxicity is not due to an alkahne pH alone is 
evident from figure le, mdicatmg that practically no pemcilhn was produced 
when 0 12 per cent /3-phenylethylamme was added at 24 hours and the pH durmg 
the entire fermentation remamed below 8 0 In another experiment 0 60 per 
cent /3-phenylethylamme was found to be toxic when added at the time of inocula- 
tion (table 5) 

Quite the reverse was true when phenylacetic acid was used as precursor 
(figure 2) Phenylacetic acid was very toxic when added m high concentrations 
at an acid pH (figure 2c) This is m agreement with the fiindings of Moyer and 
CoghiU (1947) The same amount when added at an alkahne or neutral pH 
(figure 2f) gave a significant mcrease m yield over that of the control, but the 
yield was much lower than that obtamed with a smaller concentration (figure 
2e) When lower concentrations of phenylacetic acid were added, no toxic effect 
was encountered, even when the addition was made at an acid pH (figure 2b) 

Precursor efficiency of ^-phenylethylamine In figure 3 are shown the yields, 
percentage of pemcilhn G, and pH obtamed when /3-phenylethylamme was used 
as a precursor No pemcilhn G was detected when no precursor was used 
Higuchi et al (1946) and Higuchi and Peterson (1947) reported the presence of 
13 to 44 per cent pemciUm G m the broths of P chrysogenum Q176 m sjmthetic 
medium by using a differential assay method The discrepancy is due to the fact 
that their method is apphcable only to a mixture of three known pemciUins 
Since cultiue Q176 has been found to produce a number of known and unknown 
pemciUins, their results on the complex mixture do not appear to be vahd 

A probable explanation of this behanor is that culture Q176 is mcapable of 
synthesizmg the R group of pemciUm G Hence if a pemcilhn G precursor is 
supplied m the absence of other precursors m the imtial stages, the culture uses 
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the precursor to produce almost entirely pemcilhn G But as the fementation 

produced with a simultaneous fall in the concea- 
on of pemciIJm G precursor These precursors compete with the pemcilhn 
G precursor, resultmg m the observed drop m the proportion of pemcilhn G (figure 


TOTAL PEN 





Figure 1 Effect of concentration and tune of addition of P-pbenylethylaminc on 
cillm yield and pH The figures for the control are the average of 6 separate runs i 
time of precursor addition and the amount added are indicated in each graph 

3c,d) If a high concentration of pemcilhn G precursor is maintained by addition 

at intervals (figure 3e,f), utilization of endogenous precursors is suppress > 
hence veiy httle formation of other penicillms takes place 
Precursor efficiency of phenylaceiic acid Phenylacetic acid appears to be a 
more efficient precursor than ^-phenylethylamine (figure 4) Not only vcrc e 

yields higher, but the proportion of penicilhnG was practically constantthroug 
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out the fermentation, whether the precursor was added at once or m many equal 
portions It appears that the rate of depletion of phenylacetic acid is much 
slower than that of /S-phenylethylamme, so that a better supply is always avail- 
able 


TOTAL PEN. 



SO 100 SO 100 ISO 

HOURS HOURS 


Figure S Effect of concentration and time of addition of phenylacetic acid on penicillin 
yield and pH The figures for the control are the average of 13 separate runs The time 
of precursor addition and the amount added are indicated in each graph 

Oplimvm levels of phenylacetic acid The data so far discussed have shown that 
maximum precursor efficiency is attained when the precursor addition is made at 
intervals in small portions Further, phenylacetic acid has been found to be 
superior to |3-phenylethylamine in yieldinghighertotal penicillin and a higherpro- 
portion pf penicillin G Hence, m later experiments, phenylacetic acid was used 
unless otherwise stated 
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equal portions at 12-hour intervals, beginning at 15 hours 

on the shaker, determined m a number of experiments, was found to be approxi- 
mately 1 ml per day Losses from evaporation and sampling were taken into 
consideration in calculatmg the amount of precursor to be added The data 
obtamed in a typical expenment by usmg 0 02, 0 05, and 0 10 per cent phcnj 
acetic acid every 12 hours (9 additions), beguming at the 15th hour, are Eho.m 
in table 1 In general, the penicilhn yields m repbcate flasks check, well 
The data obtained by usmg various precursor levels are summanred in fignro 






1948] 


EVAIiTJATlON OF PBBCUESOKS FOB PENICILUN G 


345 


5 In the figure, data for all runs made are plotted except for the control without 
precursor and those runs in which the precursor addition level was zero or 0 10 
per cent Here the number of runs was so large (12 on synthetic medium and 6 
on steep hquor medium) that only the average could convemently be plotted 
From figure 5o, it will be seen that the proportion of pemcillm G mcreased from 
zero in the absence of precursor to about 90 per cent when 0 02 to 0 05 per cent 
phenylacetic acid was added at 12-hour mtervals Though the proportion of 
penicilhn G was always more than 90 per cent when 0 05 per cent or more pre- 




50 100 ISO so 100 ISO 

HOURS HOURS 


Figure 4 Precursor efiScienoy of phenylacetic acid The tunes of precursor addition 
and amounts added are indicated in each graph In c and d additions were made in 9 equal 
portions at 12-hour intervals, beginning at 16 hours 


cursor was used, optimal yields were only obtained when 0 10 to 0 15 per cent 
phenylacetic acid was added every 12 hours The tune of fermentation, however, 
was prolonged, presumably because of the deletenous effect of high phenylacetate 
concentrations on the growth of mycehum (Jarvis and Johnson, 1947) Pre- 
cursor addition levels up to 0 30 per cent did not affect the average pH of the 
fermentation But when 0 50 per cent or more phenylacetic acid was added 
every 12 hours, the pH remamed below 6 6 and the yields were very low 
The foregomg picture, in general, holds for the steep hquor medium (figure 55) 
with the foUowmg exceptions (1) There was about 5 per cent pemciUm G even 





KESAR SINGH AND MARVIN J JOHNSON [vOL 5G 

when no phenylacetic acid was added (2) The penicillin yields obtained were 
5 to 20 per cent higher than those obtained in the synthetic medium under iden 
tical conditions (3) The proportion of penicillin G reached over 90 per cent 
only when 0 10 per cent or more precursor was added every 12 hours (4) The 
average pH during the fermentation was always higher than 8 0, but it was always 
a little below 8 0m the synthetic medium 

TABLE 1 


A typical experiment showing variation tn penicillin yield and pH in individual flash 


phenylacetic 

ACID* 

PL ASK 
NO 

pHt AT BE 

pENiauw n/uL AT nj 

63 

87 

111 

US 

UP 

63 

87 

111 

US 

157 

per cent 












A Control 

1 

6 0 

7 8 

8 3 

8 6 

8 5 

172 

234 

210 

194 

— 

without pre- 

2 

6 0 

7 7 

8 7 

8 5 

8 6 

200 

246 

216 

196 

— 

cursor 

3 

6 2 

7 7 

8 2 

8 5 

8 4 

208 

243 

240 

214 

- 


4 

6 3 

7 6 

8 3 

8 6 

8 5 

192 

225 

219 

184 

— 

Average 

197 

237 

221 

197 

- 

B 0 02 

1 

7 4 

7 8 

8 2 

8 6 

8 8 

330 

440 

375 

368 

— 


2 

7 2 

7 4 

7 7 

8 3 

8 4 

351 

600 

565 

492 

— 


3 

7 0 

7 7 

8 2 

8 4 

8 5 

492 

600 

BOO 

448 

— 


4 

6 7 

7 7 

8 2 

8 5 

8 7 

396 

500 

400 

400 


Average 

392 

535 

483 

427 

- 

C 0 05 

1 

6 9 

7 8 

8 2 

8 5 

8 8 

582 

606 

550 

476 

421 


2 

7 0 

7 6 

8 1 

8 4 

8 8 

450 

550 

505 

580 

620 


3 

6 9 

7 8 

8 2 

8 5 

8 9 

462 

544 

625 

496 

3CS 

Average 

498 

567 

560 

517 

437 

D 010 

1 

7 5 

7 7 

7 8 

8 3 

8 6 

372 

600 

738 

700 

610 


2 

7 5 

7 7 

7 7 

8 2 

8 4 

351 

615 

750 

825 

740 


3 

7 5 

77 

7 7 

8 2 

8 8 

333 

630 

763 

844 

740 

Average 

352 

615 

750 

790 

707 


* Added every 12 hours (9 additions) 
t The initial pH of the sterilized medium was 6 1 


Some of these exceptions can be explained on the basis that com steep hqu 
contains some precursors (Mead and Stack, 1948) The presence of p tnj^ 
ethylamme is responsible for the occurrence of penicillin G even when no p 
cilhn G precursor is added The presence of precursors of penicillins other 
penicillin G may account for the fact that comparatively higher amoun 
phenylacetic acid are required to obtain high penicillin G yields 
Adaptalion of the mold to phenylacetic amd In a further effort to 
pemcilhn yield, the mold was adapted by growing the inoculum m media s pp 
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mented with 0 02 and 0 10 per cent phenylacetic acid A control run was also 
made sunultaneously No difference m growth of inoculum was noticeable and 


PEN.G TOTAL PEN 
•7. U/ml 


MG TIME 
pH HR 



ISO 


too 


SO 


0 



Figure B Effect of addition rate of phenylacetic acid on penicillin yield, proportion of G, 
pH, and time of fermentation Phenylacetic acid was added every 12 hours beginning at 

the fifteenth hour and a total of 9 to 10 additions were made • • Total penicillin, 

u per ml □ □ Pemcillin G, per cent O O pH A A Tune to reach 

peak yield, hours 


no increase m penicillin jneld was observed when these adapted inocula were used 
m fermentations in the presence of phenylacetic acid 
Effect of pH on pemcilhn yield and proportion cf penicillin G To find the opti- 

mum pH for the pemcilhn production under optimum concentration levels of 
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phenylacetic acid, different pH levels were obtained by changing the lactate 
acetate, and phosphate content of the medium The ammoma content v as held 
constant by the addition of ammomum sulfate As shown m table 2, maMmum 
penicillm yields were obtained at a pH range of 7 6 to 7 9 The time required to 
obtam the peak yield also followed the same pattern as the pemcillin yield 
Whether the vanation in lactate, acetate, phosphate, and sulfate content had any 


TABLE 2 


Effect of pH during the fermentation on penicillin yield 


PHTKYIACETIC 

ACID* 

cose or VASIABLES 

AVG pH 

UAXHOJU 
PPH YIELD 

TlUEOr 

rEElfE.TATt0S 



BB 

ter cent 

elL 

e/L 

SiL 


ufwX 

Ar 

A 0 10 

0 0 

1 0 

5 0 

4 20 

2 

12 


0 0 

2 5 

4 15 

5 90 

60 

39 


0 0 

2 0 

4 6 

6 72 

242 

135 


5 5 

3 5 

0 0 

7 78t 

685t 

140} 

B 0 IS 

5 5 


3 0 

5 60 

2 

12 




5 0 

5 60 

4 

12 

1 



4 6 

5 80 

4 

12 




4 15 

7 15 

393 

159 




3 75 

7 15 

428 

122 


1 2 


( 3 0 

7 40 

565 

122 


2 4 


2 26 

7 50 

480 

122 


5 5 


2 15 

7 60 

209 

9o 


3 6 

3 0 

1 53 

7 60 

563 

122 


5 5 

2 0 

1 29 

7 65 

508 

122 


5 0 

3 5 

0 0 

7 75 

417 

111 


5 5 

3 5 

0 0 

7 so 

609 

143 


5 5 

3 5 

0 0 

7 80 

891 

183 


5 5 

3 0 

0 43 

7 80 

769 

183 


5 5 

3 5 

0 0 

7 83 

915 

159 


5 5 

3 0 

0 43 

7 90 

685 

143 


6 0 

3 5 

0 0 

8 05 

236 

95 


* Added everj 12 hours (9 additions) 

t Ammonium sulfate was added to make up for the deficiency of ammonia when ammo 
mum lactate or acetate content was reduced 
J Average of 12 runs of 3 flasks each 

effect other than that attributable to pH is not known Pratt (1945) and Pratt 
and Hok (1946) have emphasized the importance of keeping a proper balance o 
KH2PO4, MgS04, and NaNOs or maximum yields, but it is unfortunate ttm 
their data do not mclude determinations of pH during the fermentation ^ ^ 
The effect of pH dunng the fermentation on the availability of the 
and hence of the proportion of penicilhn G is shown in figure G A companson ^ 
two pH levels at a low precursor level (figure 6a) shows that, at a higher p , 
the yield and percentage of penicilhn G are increased, indicating the " 

availabdity of the precursor In figure Gb, companson of tv. 0 fermenta lon 
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a higher precursor level shov s a yield difference but no difference in the percent- 
age of penicilhn G The data are consistent with the assumption that, although 



Z5 50 75 100 IZ5 150 

HOURS 


Figure 6 Effect of pH on penicillin yield and precursor efficiencj of phenj lacetic acid 
a Precursor added m 10 equal portions, 0 02 per cent each ei erj 12 hours, beginning at the 
fifteenth hour b Precursor added in 8 equal portions, 0 10 per cent each every 12 hours, 

beginning at the fifteenth hour # 9 The medium contamed (in grams per liter) 

lactic acid 4 5, ammonium acetate 3 5, KH-PO^ 3 0 O O The medium contained (in 

grains per liter) lactic acid 3 0, ammonium acetate 3 0, KH;PO< 6 0 

phenylacetic acid is a more efficient precursor at high pH values, in the presence 
of sufficient precursor the pemcilhn formed is predo min antly G even at lower pH 
values 

Use of other penicilhn G precursors It has been stated that the mnvimiim 
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yields of essentially pure penicillin G m synthetic medium can be obtained only 
by adding 0 10 to 0 15 per cent phenylacetic acid at approximately 12 hour 
intervals This amount of precursor is roughly 50 to 75 times more than that 
recovered as penicillin G A small percentage of this could be found in the broth 
after the fermentation, but most of the phenylacetic acid (71 to 94 per cent) was 
lost (table 3) The use of high concentrations is, therefore, uneconomical 
Another disadvantage is that the peak yields are somewhat delayed in the pres 
ence of high concentrations Furthermore, frequent additions are inconvenient 
To overcome these difficulties, several precursors of penicillin G mentioned 
under “Experimental Methods” were tested to see if some of them could be used 
in comparatively smaller amounts without adversely affecting the penicillin 
yield and proportion of penicillin G The results obtained with the use of denva 
tives of phenylacetic acid m two concentration levels are shown m tables 4 and 


TABLE 3 

Loss of phenylacetic acid during the fermentation 


PJl • ADDED 

TOTAL PJI 
ADDED 

PEN C 
FSODUCED 

PJl THTO. 
EEnCALLY 
SEQDtEED 

rSEtf PA 
PlCSENT 

PA IrtT* 
BOtitU 

1 


ufml 

f/£ 

tIL 

fir inl 

0 05% at 24 hrt 

0 s 

209 

0 0512 

0 0250 

8i 76 

0 10% at 24 hrt 

1 0 

226 

0 0553 

0 1135 

83 10 

0 14% at 24 hr 

1 4 

399 

0 0978 

0 0900 

85 59 

0 70% at 24 hr 

7 0 

490 

0 1200 

0 3000 

94 00 

0 02% at 12-hr intervals (9 additions) 

1 8 

480 

0 D75 

0 4000 

71 25 

0 10% at 12-hr intervals (9 additions) 

9 0 

641 

0 1517 

1 3500 

B3 2o 

0 10% at 12-hr intervals (9 additions) 

9 0 

672 

0 1647 

1 4000 

82 20 


* P A denotes phenylacetic acid 

t Thanks are due to Dr K Higuchi for the determinations of free phenylacetic acid 
t These fermentations were run by Dr Higucbi on synthetic medium 


5 The precursors are divided into 3 groups (esters, amides, and others) w 
are arranged within the group in decreasing order of efficiency The values or 
the control without precursor and for an equivalent amount of phenylacetic sci 
are included for reference It ivill be seen that, although the penicillin yid o 
the lower concentration of phenylacetic acid and three of the precursors (pheny 
acetamide, phenylacetylglycine, and phenylacetyl-DU-alamne) are nearly cqua , 
the proportion of penicillin G ivith the derivatives is low Furthermore, con 
centrations of phenylacetamide equivalent to 0 28 per cent or more prove o 
toxic , , 

Phenylacetylmethylamine, phenylacetyl-)9-phenylethylamine, phenylacei 
tnie, /3-phenylethyl alcohol, and phenylacetaldehyde were found 
they were added at the time of inoculation or at 24 hours Smith an 
(J948) had earlier reported the last three compounds to be effectn c as procure 
but the conditions of their expenments are not available at the time o ‘ ^ 

Though no stimulation m yield was apparent when nL-phenylalanine was a 
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to the medium, its function as a pemcillin G precursor is evident from the fact 
that penicillin G comprised about 24 per cent of the total yield It was found to 
be toxic at the higher level used 


TABLE 4 


Effect of derivatives of phenylacetic acid on penicillin yield, proportion of 0, pH, and time of 

fermentation 

(Precursor concentration equivalent to 0 14 per cent phenylacetic acid, added at 24 hours) 


PSECUSSOK 

PEAK 

YIEJLD 

AVEKAOE 

pH 

ITISE POK PEAK 
YIELD 

PEN 0* 

1 

u/ml 


nn 

Per cent 

1 Control 

242 

7 30 


0 0 

2 Phenylacetic acid 

521 

7 75 




423 

7 57 




490 

7 43 

87 

81 5 

Esters 





3 Octadecanol phenylacetate 

315 

6 9 

87 



383 

7 32 

111 

27 05 

4 Ethyl phenylacetate 

35 

8 13 

39 


6 Isopropyl phenylacetate 

35 

8 13 

39 


6 Butyl phenylacetate 

35 

8 13 

39 


7 Isobutyl phenylacetate 

35 

8 13 

39 


8 Glycol diphenylacetate 

22 

8 0 

39 



16 

8 3 

39 


Amides 





9 Phenylacetamide 

590 

7 50 

111 


1 

504 

7 53 

87 

71 0 

10 Phenylacetyl-DL-alanine 

483 

7 43 

87 

57 0 

11 Phenylacetylglycine 

461 

7 47 

87 

56 1 

12 Phenylacetylmethylamine 

79 

7 90 

39 


13 Phenylacetyl /3-phenylethylamine 

29 

8 00 

39 


Others 





14 jS-Phenylethylaminet 

428 

7 58 

111 

61 0 

15 DL-Phenylalanme 

220 

7 74 

90 

24 1 

16 /3-Phenylethylalcohol 

52 

7 97 

39 


17 Phenylacetaldehyde 

18 

8 20 

39 


18 Phenylacetonitrile 

16 

8 30 

39 



* At the time of maximum yield 
t This was added at 15 hours 


Of the esters tested, those of ethyl, isopropyl, butyl, and isobutyl alcohols and 
of ethylene glycol were completely inhibitory When these esters were added at 
24 hours, the pH rose higher than 8 0, but the pH remamed at 6 0 when ester 
addition was made at the time of inoculation Some stimulation was observed 
with the octadecanol ester, but the yield and proportion of penicilhn G were 
considerably lower when compared to those obtained with equivalent amounts 
of phenylacetic acid 
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In a number of experiments mth these precursors, penicillm G detenmnatioib 
were made at mtervals durmg the fermentation In figure 7 are shown the data 
obtamed when precursors were added at 24 hours m concentrations equivalent 
to 0 14 per cent phenylacetie acid, and table 6 summanzes experiments m which 
the concentration of precursors added was eqmvalent to 0 70 per cent phea}! 
acetic acid Comparable data obtamed with jff-phenylethylanune and phen}! 
acetic acid as precursors are given m figures 3 and 4, respectively The results 

TABLE 5 

Effect of derivatives of phenylacetie acid on penicillin yield, proportion of 0, pE, and UmeoJ 

fermentation 

(Precursor concentration equivalent to 0 70 per cent phenylacetie acid, added at 2-1 hour*) 


PXECURSOK. 

TTAX YIELD 

AVZEAGE pH 

TOCE70S F£A£ 
YIELO 

rcf c* 





■an 

fermt 

1 Control 



7 30 

mSm 

00 

2 Phenylacetie acid 



7 75 

mSM 

02 7 



529 

7 65 

111 


Ester 


348 

463 


87 

111 

1 


3 Octadecanol phenylacetate 

{ 

6 87 

7 40 

57 4 

Amides 






4 Phenylacetjl-DL-alanine 


490 

7 67 

111 

78 6 

5 Phenjlacetylgiycme 


418 

7 65 

63 

74 5 

6 Phenjiacetanude 


14 

7 90 

39 


Others 






7 P-Phenjlethylaminet 


87 

6 39 

185 


8 DL-Phenj lalanine 


57 

8 14 

63 



* At the tune of maxiinum yield 
t This was added at the tune of inoculation 


mdicated that the precursors could be placed m three distinct groups in regar 
to their availabihty or precursor efficiency 

(1) Those whose efficiency remains practically constant during the entire er 
mentation up to the tune of peak yield, e g , phenylacetie acid andphenylacctam 
ide As phenylacetate is the active group, it appears that the phenylace^nii 
IS hydrolyzed rapidly, thus mamtauung the high percentage of pemcilhn 

(2) Those whose efficiency mcreases with the progress in fermentation, e g^, 
phenylacetylglycme and phenylacetyl-DD-alanme This is probably ue 
slow rate of hydrolysis, so that the effective concentration of the active gr^ P 
becomes the hnutmg factor The comparatively higher percentage of pcnici 

G with phenylacetyl-DD-alanme m the uutial stages indicates that the rate 
hydrolysis is faster than the rate with which phenylacetylglycme is hydro }Z 

(3) Those whose efficiency decreases with the progress in fermentation, Bj 
/?-phenylethylanune, DD-phenylalamne, and octadecanol phenylacetate 
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might be due to slow destruction or degradation of the precursor, smce it has 
been estabhshed that a high percentage of pemcilhn G can be obtained if jS-phen- 
ylethylamme is added in small amounts at mtervals 


total pen 

U/ml 




pH PEN G 
6 ^ 100 

7 5 tb7 

b.5 334 

55 O 

5.5 100 

75 fcfe7 

G.5 33 3 

55 0 


Figure 7 Comparison of efficiency of some typical precursors Precursors added at 24 
hours in concentrations equivalent to 0 14 per cent phenylacetic acid 


TABLE 6 

Comparison of efficiency of some precursors 

(Precursor concentration equivalent to 0 70 per cent phenylacetic acid, added at 24 hours) 


7SECUZS0S 


TIME 

Phenyiacetyl DL-alamne 

Phcnjlacctyl glycine 

Phenylacctyl-octadecanol 


Total pcD 

pH 

Pen G 

Total pen 

pH 

Pen G 

Total pen 

pH 

Pea G 

hr 

u/ml 


per cent 

u/mt 


per cent 

u/ml 


per cent 

39 

120 

7 4 

64 3 

160 

7 4 

45 8 

107 

7 5 

87 4 

63 

357 

7 3 

81 0 

418 

7 9 

74 5 

300 

7 4 

63 6 

87 

454 

7 8 

74 4 

340 

8 3 

79 5 

404 

7 2 

51 4 

111 

490 

8 2 

78 6 

246 

8 5 


463 

7 5 

57 4 

134 

367 

8 5 

90 4 

i 

8 7 


447 

8 0 

60 4 


SUMMARY 

Marked mcreases m total pemcilhn yield and proportion of pemcilhn G were 
obtained m submerged cultures of PemcUhum ckrysogenum Q17G m a synthetic 
medium by the addition of /S-phenylethylamme and phenylacetic acid No 
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penicillin G was detected when no precursor was added Maximum precursor 
efficiency was obtained when the precursor vas added in many equal portions at 
intervals The optimum concentration of phenylacetic acid to be added at 
12-hour intervals was 0 10 to 0 15 per cent and penicillin yields (practically pure 
G) averaged 685 u per ml on synthetic medium and 892 u per ml on corn sleep 
liquor medium From 71 to 94 per cent of the added phenjdacetic acid uns 
metabolized m ways other than the production of penicillin G The optimum 
pH range during the fermentation v as 7 6 to 7 9 The percentage of penicillin 
G was low at an acid pH 

Attempts to effectively replace phenylacetic acid with some of its dcri values 
have been unsuccessful The percentage of penicillin G remained practically 
constant dunng the course of fermentation with phenylacetic acid or phenyl 
acetamide as precursors It increased during the fermentation vith plienylac 
etylglycine and phenylacetyl-nn-alanine but decreased with jS-phenylclhylom 
me, DL-phenylalanine, and octadecanol phenylacetate 

Phenylacetic acid seems to be the best precursor as far as availability, peni 
cilhn yield, proportion of pemcillm G, and ease m handling are concerned 
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There are many strams of Streptomyces gnseus, but only a few of them produce 
streptomycin The differentiation of the streptomycm-producmg strains from 
the others is not a simple procedure and is usually time consummg (T^^aksman 
et al , 1946o,6) Because of this, there has been a need for finding a rapid, reh- 
able method of identifymg the streptomycm-producmg strams of S gnseus 
Recently Waksman and his group (1947) have successfully employed an actmo- 
phage that is specific for streptomycm-producmg strams of S gnseus The 
present report descnbes the use of certain streptomycm-dependent bacteria m a 
simple and accurate procedure for the identification of streptomycm-producmg 
strams of S gnseus 

While we were studying a stram of Mycobacterium ranae that grows only m the 
presence of streptomycin (Yegian and Budd, 1948), it occurred to us that this 
microorgamsm would be useful m identifymg streptomycm-producmg strams of 
S gnseus if it could be shown that its growth m the presence of actmomycetes 
and other nucroorgamsms is limited to those producmg streptomycin Unfor- 
tunately the relatively slow rate of growth and other charactenstics of M ranae 
made it unsuitable for the purpose Through the courtesy of Dr Fame (1948) we 
acquired strams of four rapidly growmg nucroorgamsms that reqmred the pres- 
ence of streptomycm for their growth Staphylococcus aureus (S7-1), Escherichia 
coll (E158), Pseudomonas aeruginosa (PY24), and Proteus morgani (PR24) Of 
these the streptomycm-dependent strams of E coli and P aeruginosa proved 
well smted for the rapid and accurate identification of streptomycm-producmg 
strams of S gnseus The streptomycm-dependent strams of P morgani and 
S aureus were unsmtable for our purpose chiefly because with repeated sub- 
culturmg a few colomes were found that grew m the absence of streptomycm 

EXPERIMENTAL RESULTS 

Cultures and media The actmomycetes used m these experiments were a 
streptomycm-producmg stram of Streptomyces gnseus (3496) , a mutant stram of 
Streptomyces gnseus (3495) that no longer produces streptomycm but another 
antibiotic, Streptomyces lavendulae (3440-14), which produces streptothncm, 
Streptomyces molaceus-ruber (3033) which produces no antibiotic, and Strepto- 
myces gnseus (3478), which produces gnsem These cultures were obtamed 
through the courtesy of Dr Waksman In addition, other nucroorgamsms, 
obtamed from the soil and food products or found as laboratory contammants, 
were used, these mcluded some forms known to produce antibiotic substances 
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This selection of different microorganisms was used to determine whether the 
streptomyem-dependent bactena would grow m the presence of microoiganiaib 
other than streptomycin-producing S gnseus 

Streptomycin-dependent strains of P aeruginosa and E coh were used as tc t 
orgamsms throughout this experiment 

Slants made from a modified form of PDA medium (Stebbins and Kobinson, 
1945) containing 1 5 per cent agar and 100 ng per ml of streptomycin nere found 
best suited for mamtenance of the stock cultures of the hactena The plates 
used m the expenments were made using 20 ml of the modified FDA medium m 
each plate Nutrient broth containing concentrations of streptomycin in dif 
ferent quantities was used to obtain liquid growth of the bactena 

Procedure and results Tubes of liquid medium containing 100, SO, 10, 5, 2 5, 
and 0 ng per ml of streptomycin were inoculated with saline suspensions of the 
stock cultures of E coh and P aeruginosa Turbid groivth in 24 hours uas 
obtained in tubes containing 100, 50, and 10 ng per ml of streptomycin Some 
growth m 24 hours was obtained in tubes containing 5 /ig per ml of streptomycin 
No growirh, even after 48 hours, was obtained in tubes containing 2 5 and 0 iJg 
per ml of streptomycin In order to obtain strains of these bactena capable of 
growth m the presence of small quantities of streptomycin, tubes containing 
2 5 pg per ml of streptomycin were inoculated with orgamsms growing in the 
presence of 5 pg per ml of streptomycin, and in 24 hours an adequate growth was 
obtained Liqiud medium containing only 1 pg per ml of streptomycin was then 
inoculated with organisms growing in 2 5 pg per ml of streptomycin, and m this 
manner strains were obtained that grew well in only 1 pg per ml of streptomjcin 
These strains were maintained and used as a source of test organisms Attempts 
to grow these orgamsms in the absence of streptomycin failed, and we believe 


the strams are rather stable 

Plates of solid medium contaimng no streptomycin were inoculated with (he 
different actmomycetes, a loopful of a saline suspension of a different culture 
being placed in the center of each plate The plates w ere incubated for 48 hour?, 
after which a growth of 1 to 2 cm in diameter was evident A loopful of the 
liquid growth of one of the test bactena wms streaked on the plates, starting att " 
penpbery of the agar and endmg at the edge of the actmomycete’s grow th m t e 
center In this way several streaks of each of the test organisms could be ma c 
on a single plate (figure 1) Initially we had centnfuged the liquid cuItuiA 
removed the supernatant, and washed the bactena several times in saline 
remove all traces of streptomycin This procedure was found to be unncccssar) 
for the purpose of the experiment, for no growth of the streptomycin-depcn 
organisms ever occurred on the plates except adjacent to the strcptomvc 


producing microorganisms 

The plates contammg the actmomycete’s growth and the test bactena v 
meubated at 37 C, and after 24 hours bactenal growth was noted adjneen ^ ^ 
streptomycin-producing strains of S griscvs, but nov\herc else 
gradual decrease m the profuseness of the bactenal growth as it e'fcn 
the center, and no growth was noted beyond 2 cm from the border of t ic nr ^ 
m>cete There was never growth of the strcptomjxin-dependent bactena o 
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plate containing an oiganism othei than a stieptomycin-piodiicing stiain of S 
gi iseits 



Figure 1 Shomng gronth of streptom\cin dependent E coh onl} in the region im- 
niediatelj surrounding a streptomycin producing strain of <S gnseus The bacteria i\ ere 
inoculated bj streaking from the penpherj of the plate to the edge of the actinomj cete’s 
groM th 



Figure 2 ShoM ing 3 strains of E coh on a plate containing a central gron th of a strepto 
mjcin producing strain of 5 gnseus A, a strain of streptomj cm-dependent E coh 
shoii ing groM th onlj in the portion of the streak near the actinomi cete B, a strain of E 
colt resistant to streptomj cm Grow th is evident all along the streak C, a strain of E 
cofi susceptible to streptomj cm shoiiing lack of gronth in the portion of the streak near 
the actmomj cete 

Figure 3 Shoving the spread of growth of streptomj cm dependent P aeruginosa about 
a growth of a streptomycin producing strain of S gnseus The bacteria were inoculated 
at the tip of the S gnseus streak 

Bacteiia laiown to be susceptible to stieptomycm ueie streaked on plates con- 
taining stieptomj'^cm-pioducmg stiains of S gnseus, and they giew only^ in the 
regions separated fiom the actinomycete, whereas the densest growth of the 
stieptoraycin-dependent strains occurred wheie thej^ were closest to the actino- 
mycete (figuie 2) 
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Several modifications of the foregoing procedure n eie tiied and the rciiiKcucro 
ahva 5 ’-s similai In one modification a suspension of streptomycin clepcmiont 
bacteria was spread ovei the entire surface of a number of plates that contiincd 
no stieptomycm The plates nere incubated and no groiUli i\as iisiblc iftor 
24 houis Seveial different actinomycetes nere inoculated on each plate so tint 
each inoculum n as u ell separated from the others Aftei an additional men 
bation of 48 houis the actinomycetes’ growths n ere endent, and nftei still further 
incubation bacteiial gronth was visible in zones suiiounding streptoni}(in 
producing stiains of S gnseus Bacterial growdh was nevei noted elsewhere on 
any of the plates 

An interesting phenomenon was observed ivhen stieptomycin-depcndent /’ 
aeruginosa vas inoculated adjacent to a growth of streptomjmin-producing 
gnseus the bacteiial gioivth gradually spread duiing a peiiod of 5 days from the 
site of inoculation until it completely encircled the actinomycete’s gw]\th (ligmr 

3 ) 


DISCUSSION 

The foregoing experiments demonstrate that so-called streptomyem-dcpcnclcut 
strains of certain rapidly growing bactena aie suitable foi the lapid and occur itc 
identification of streptom 3 '-cm-producing strains of S gnseus The strcptoni\ on 
dependent strains of E coh and P aeruginosa never giew in a medium tint dnl 
not contain a source of streptomycin The test bacteria would not mwlhp''' 
about grow'^ths of the microorganisms tested unless the}" produced st rept om> i m 
The presence of other antibiotics produced by vaiioiis organisms did not pcimit 
the giowdh of the streptomycin-dependent bactena that weic tested 

It wms essential foi the expeiiment to select stiains of E coh and P (unigtno^n 
sufficiently sensitive to grow' lapidly m the piesence of small amounts of strcjilo 
mycin jMany more cells capable of grow th in 2 5 /ig per ml of sllcptom^ cm win 
growing in 5 pg pei ml of streptomycin than were present in the original stort 
cultures that were growing in the presence of 100 pg per ml of streptomwin 
Similarly, more bactena capable of growffh in 1 pg pei ml of sticplom}tm wen 
glowing m 2 5 pg per ml of streptomycin than in 5 pg per ml of slreptomum 
Grow'th m decieasing concentiations of stieptom} cm is probably lelatcd to t ir 
selection of naturally occurring vanants 

The pecuhai spontaneous spreading of the growth of the dependent P 
ginosa until it coiered the entire zone about the streptomycin-producing 
of S gnseus is of interest The streptomycin located in the medium .ippf ir- « 
deteimine the direction of spread of the bacterial growth 

We haie found that the dependent oiganisms’ requirement for ^trcptom\< m 


can be fulfilled when body fluids from patients being treated witli ^tre ptornw "i 
are used rtlien serum or unne is used m the cj lindcr plate mr thod of i- 


t\ md 


one of the dependent strains is substituted for the sensitue sM M ipin 
^lerck, there is a zone of bacterial growth about the c\ lindcr-, and flu < t ui 
of the growth is direct!} lelated to the concentration of the ^triptom}* m m 


^enim or unne 
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The presence of occasional variants capable of growth in the absence of strepto- 
mycin has been noted in cultures of streptomycin-dependent strains However, 
the frequency of these vanants is low in our test strains and has not caused mter- 
ference with the experiments 
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SUMMARY 

The use of streptomycm-dependent strains of certain bactena for identifying 
streptomycin-producing strains of Slreplomyces gnsezis has been descnbed The 
streptomycin-dependent strains never grew in the presence of any microbe other 
than streptomycin-producing strains of S griseus The techmque is sunple, and 
accurate results are obtained rapidly 

Streptomycin-dependent strains of bacteria can be readily selected to grow m 
very low concentrations of streptomycin 
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For the past several years the senior author has been engaged m a study de- 
signed to improve techniques used m the classification of yeasts Reports have 
already been issued regarding certain phases of this work, namely, studies on fer- 
mentation tests (1943) and nitrogen assimilation tests (1946) The present 
paper, deahng with carbon assimilation tests, represents the third m this senes 
These papers deahng with techmques will be followed by a second senes covermg 
the classification of the vanous groups of yeasts 

In the above-mentioned report on the mtrogen assimilation tests (1946), it 
was shown that by the addition of an adequate supply of pure vitamms to the 
test medium some yeasts would assimilate nitrogenous compounds that they were 
previously reported mcapable of assimilatmg The results indicated that the 
use of ammomum sulfate, urea, asparagme, and peptone as test substances 
should be discontmued, smce they are always assumlated The present paper is 
sumlar m nature but deals with the assimilation of carbon sources A more 
adequate basal medium and a greater number of carbon compounds have been 
employed than were used by earher mvestigators, with the result that this type 
of biochenaical test is provmg to be the best that has been developed for the clas- 
sification of the yeasts 

Up to the present time the carbon sources used m assimilation tests m the 
major attempts at yeast classification have been limited to glucose, fructose, man- 
nose, galactose, maltose, sucrose, lactose, and ethyl alcohol A number of 
workers have attempted to use pentoses, polysacchandes, orgamc acids, and 
polyhydnc alcohols, but the results have been qmte vanable among strams of 
the same species There has as yet been no comprehensive testmg of large num- 
bers of strains of many species, followed by an analysis of the data to dete rmin e 
which compounds give consistent, taxonomicaUy valuable results m each group 
of related species This is the objective of the work reported m this paper 

The carbon assimilation tests have been used for many decades Perhaps the 
first study was made by Beijermck (1889), and the Dutch workers are still usmg 
his techmque, though somewhat modified, as given on page 74 of Diddens and 
Lodder’s monograph (1942) In this techmque a synthetic agar medium that 
has been inoculated with a heavy suspension of cells is sohdified m a petn dish 
After the surface is dry, small amounts of vanous common sugars are placed on 
the agar Growth develops m the areas where the assimilable compounds were 
placed Those yeasts that show poor growth are retested on the same medium 

• One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, Agri- 
cultural Research Adrmmstration, U S Department of Agriculture 
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to which some yeast extract has been added The results are usually read after 
1 or 2 days of incubation 

Okunuki (1931) used 1-ml quantities of a s5Tithetic agar medium m test tiibca 
He employed 16 different carbon sources, including pentoses, alcohols, and some 
o the more complex polysaccharides m addition to the common sugars used b} 
the Dutch workers This investigator recorded the relative amounts of gro\i th 
after 5 days of incubation Okunuki also tested the ability of his yeasts to utilize 
five organic acids A base medium containing peptone and salts w as used, and 
the amount of acid that disappeared during the 35-day incubation period was 
determined by titration 

Liquid cultures have been employed by a number of investigators, for the)' are 
less subject to contamination than plate cultures and can therefore be incubated 
longer Zikes (1906) used liquid yeast extract media containing 5 and 10 per 
cent of the carbon sources The cultures were incubated 4 weeks, then obsened 
for growth Redaelli and Cifern (1929) used a neutral Rauhn solution contain 
mg 1 per cent of the carbohydrate, alcohol, or acid They recommended deter 
mmation of the pH of the medium and the volume of the cells after centrifugation 
of 10-day-old cultures Bedford (1942) employed a synthetic liquid medium 
that permitted only very poor growth with some species Nickerson (1913) 
determined the abihty of yeasts to utilize carbon sources by the Warburg mano- 
metne technique 

The literature cited above reveals marked vanations in media, incubation 
penods, and methods of determining whether the carbon compounds have been 
assimilated For other modificationsthe reader isreferred totheworksof Langcron 
and Guerra (1938, p 164), Zimmermann (1938), and Mackmnon (194G, p 20) 

EXPERIMENTAL METHODS 

Preliminary work over a penod of years demonstrated the following require 
ments for obtaining satisfactory results in the carbon assimilation tests 

(1) Pure vitamins added to a synthetic medium will allow growth of many 
species that othenvise would fail to grow The pure vitamins themselves jne! 
no detectable growth in the absence of assimilable carbon Yeast extract or 
other vitamin earners, such as have been used by some investigators to supp J 
the reqmrements of the yeasts, support sufficient growth in the absence of anj 
test substance to give difficulty m reading the tests 

(2) The incubation penod should be at least 18 days, and preferably 24, or 
alcohols, pentoses, and organic acids are assimilated more slowly than the major 

ity of common hexoses and disacchandes tv ‘ c 

(3) The yeast under test should be conditioned to grow in the synthcu 

medium ivith glucose before it is subjected to similar synthetic media containi 
carbon sources that may be diflEicult for the yeast to attack ^ ^ 

The basal medium now used is nearly the same as that described in t ® 
of the nitrogen assimilation tests (1946), and only information regar in,, a 
tional procedure is given in the present paper The two phosphate sa s 
been replaced by the smgle salt, monopotassium phosphate, m concentra lo 
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1 gram per liter This gives the medium a pH of approximately 5 0 The trace 
elements manganese, in the form of manganese sulfate quadrihydrate, and 
molybdenum, in the foim of sodium molybdate dihydrate, are added to the extent 
of 0 10 part per million of manganese and 0 01 part per million of molybdenum 
Five-tenths per cent ammomum sulfate serves as the nitrogen source Each 
carbon compound under test is used in a concentiation having an amount of 
carbon equal to the carbon m a 0 5 per cent glucose solution, except for a few 
compounds of low solubility that were used in saturated condition The amount 
of raffinose was doubled since utilization might involve only a part of the 
molecule 

Tenfold amounts of the ammonium sulfate, potassium dihydrogen phosphate, 
and sodium chlonde are added to 90 ml of distilled water, as descnbed in the 
article referred to above (1946) The carbon compound is likevuse added in 
10-fold concentration, and if it is an acid or acid salt the pH is adjusted to 5 2 by 
the addition of sodium hydroxide pellets to avoid dilution The solution is then 
sterilized by passage through a Seitz filter Ten ml of 100-fold vitamin solution 
are added The resulting solution is dispensed aseptically in 0 5-ml quantities 
into 16-mm tubes containing 4 5 ml of a solution contaimng trace elements, 
magnesium sulfate, and calcium chloride The medium is then ready for inocu- 
lation Soluble starch and inulin are dissolved by warming in the solution of 
trace elements, pipetted into test tubes, and then stenhzed m the autoclave for 
not more than 20 minutes 

One company has prepared in dehydrated form the medium just descnbed 
The desired amount is dissolved in distilled water, the carbon source is added, 
and the medium is stenhzed by passage through a Seitz filter Then it is pipetted 
into test tubes contaimng 4 5 ml of sterile distilled water, and the medium is 
ready for use This company has produced two sumlar media, one for use m 
mtrogen assimilation tests and one for use m detenmnmg morphological charac- 
teristics In our expenence these dehydrated media have proved satisfactory, 
and if they are placed on the market we believe they should find vude acceptance 
for studies in yeast classification 

The yeast to be tested is grown on a slant of yeast extract, malt ex-tract agar 
of the following composition 3 g of powdered yeast extract, 3 g of malt extract, 

5 g of peptone, 10 g of glucose, and 20 g of agar in 1 hter of distilled vater The 
pH lies between 5 0 and 6 0, depending on the batch of ingredients used AH 
incubation is at 25 C, for some species grow erratically at higher temperatures 
After 48 hours, transfer is made to 10 ml of the complete synthetic medium con- 
taimng as carbohydrate only 0 1 per cent of glucose One ml of the hqmd 
medium is placed on the slant, the growth is emulsified by means of the pipette, 
and 0 2 ml to 0 4 ml of the suspension, depending on the abundance of the growth 
on the slant, are transferred to the tube of synthetic medium This culture is 
also incubated for 48 hours, permitting the cells to become adapted to grouth in 
a synthetic medium, and presumably at the same time reducing their carbo- 
hydrate reserves The culture is then diluted with synthetic medium that con- 
tains no carbohydrate The moculum is diluted to a hght transmission of 
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approximately 26 per cent by using the Aminco type F photometer and its no 
42 filter With this photometer the dilution is made directly m the 20 b\ 175 
mm tubes used for growing the moculum Twenty-SLX per cent transmission 
corresponds to approximately 23 milhon cells per ml of Saccharomyccs ccrciiswi, 
NRRL stram Y-567, or 33 milhon cells per ml of Torulopsis tihhs, Y-OOO, as 
determined by hemac 3 rtometer counts One-tenth ml of the moculum is used to 
moculate each tube It unparts no cloudiness 

The tests are meubated for 24 days, this long incubation penod being neccssaiy 
to the development of certam charactenstically latent, adaptive enzyme sjstcm'! 
The tests are read at 7 and 24 days The tubes are shaken, then placed against 
a white 3-by-5-mch fihng card on which are drawn with India ink hnes approxi 
mately one-haK millimeter wide If the growth m the tube completely obliterates 
the hne, it is recorded as 3+, if the hne appears through the grovdb as an indis 
tmet band, it is recorded as 2 - 1 - , if the Ime can be distmgmahed as such, but the 
edges of the Ime are mdistmct, the growth is recorded as 1 -f-, and if the edges can 
be distmctly seen it is recorded as negative This gives a record of latent rcac 
tions m the data book, for publication purposes a 3-f or 2-f reaction at 24 da)B 
IS recorded simply as +, and a l-f- reaction is recorded as W(eak) Little tax 
onomic importance is attached to a W reaction because it may be due to impun 
ties m the carbon source 

Prehmmaiy tests were made on some 70 compounds using 100 strains of > easts 
representing 22 genera Then one or more strains were studied of each species 
of yeast m the NE-RL collection, usmg those compoimds hsted m groups 7, 8 , and 
9 under “Results ” Finally, a study of the reactions of many strains of nil 
genera was started and is still m progress 

RESUI/rS 

The carbon sources tested may be roughly classified in the folloxving group 
In these groups the small capital letters d and l refer to configuration 

(1) Compounds that were not assimilated by any of the test yeasts C 3 C 0 - 
hexanol, cyclohexane carboxyhc acid, tncarballylic acid, sodium dihj roxj 
tartrate, maleic acid, kojic acid, diglycohc acid, pinacol, ethylene glycol, pen 1 
erythntol, methyl alcohol, acetone, ethyl citrate, nicotmic acid, choline c on e> 
and alpha-methyl-D-mannoside 

(2) Compounds used by too few yeasts to warrant their use in routine mgn 

SIS itacomc acid, malomc acid, lexmlmic acid, adipic acid, pimelic ' 

acid, mucic acid, glutanc acid, n-gulono-a-lactone, calcium ™ 

glycogen, disodium phenyl phosphate, calcium lactobionatc, and n-g uco-u 

hj^drochlonde * i ,1 v Iiicli 

(3) Compounds used by approximately half of the genera of yeasts, ’ 

do not appear to have sufficient value for use in routine diagnosis n-ma 

fumanc acid, and n-glutamic acid ocnirti'- 

(4) Compounds that gave too many latent and weak rcac ions 

flCld . nppfiC ^ 

(5) Compounds that gave \anable reactions because of toxicny 
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(6) Compounds that gave mdefimte reactions because they are used mcom- 
pletely by some yeasts but completely by others amygdabn, n-glucoascorbic 
acid, and 5-desoxy-ii-sorbose 

(7) Compounds of most promise for taxonomic work n-xylose, n-arabmose, 
li-arabmose, n-nbose, L-rhamnose, L-sorbose, cellobiose, mebbiose, trehalose, 
mulm, soluble starch, DL-erythntol, adomtol, dulcitol, n-manmtol, D-sorbitol, 
calcium 2-keto-D-gluconate, potassium 5-keto-D-gluconate, potassium n-gluco- 
nate, succmic acid, nn-lactic acid, and citnc acid 

(8) Compounds of less promise for taxonomic work ethyl alcohol, glycerol, 
pjTOivic acid, ethyl acetoacetate, DL-mositol, and sodium potassium saccharate 

(9) Supplementary compounds melezitose and alpha-methyl-n-glucoside for 
additional information on alpha-glucosidase activity, and sahcm for additional 
information on beta-glucosidase activity 

The method of evaluating the compounds m the last three groups is to run 
them with a large number of strains m each genus of yeasts Then those com- 
pounds that give the fewest vanable reactions and permit the greatest degree of 
differentiation between species will be selected for routme classification work 
Glucose, galactose, maltose, sucrose, lactose, and raflBnose are also included 

Let us consider the application of this method to the genus Hansenula It is 
a particularly good one because speciation is made especially clear by the vanety 
of spore shapes and fermentation reactions These characters may be used as a 
check on speciation as mdicated by the assimilation reactions In the forth- 
coming paper on the genus Hansenula, rune species and one vanety will be de- 
scnbed Hansenula anomala is the most commonly occumng, and over 70 
strains have been studied All strains except the vanety schneggiz assimilated 
glucose, maltose, sucrose, trehalose, cellobiose, raffinose, melezitose, soluble 
starch, ethyl alcohol, glycerol, erythntol, manmtol, sorbitol, alpha-methylgluco- 
side, sahcm, and pyruvic, lactic, succimc, and citnc acids Most strains assimi- 
lated galactose, xylose, nbose, adomtol, and potassium gluconate n-Arabmose 
was usually not assimilated No strains assimilated sorbose, lactose, mehbiose, 
mulm, D-arabmose, rhamnose, dulcitol, calcium 2-ketogluconate, potassium 
5-ketogluconate, potassium sodium saccharate, ethyl acetoacetate, and inositol 
Similarly, all other species of the genus were exammed to determine which com- 
pounds gave consistent reactions with all strams and which were vanable Then 
a table was prepared in which were entered all species and the compounds that 
gave mvanable or nearly mvanable reactions From this table, five compounds 
were selected that gave good separation between species on reactions that are 
mvanable insofar as the compoimds for the specific separations are concerned 

These compounds are galactose, sorbose, raffinose, rhamnose, and alpha- 
methylglucoside Rhamnose is of particular mterest because it provides for the 
first time a biochemical means of differentiatmg between Hansenula satumus and 
Hansenula suaveolens, and between Hansenula anomala and Hansenula cifemi 
It IS of mterest to note that eight species do not have imique fermentation reac- 
tions msofar as the genus is concerned, yet aU but two species {H anomala and 
H suhpelhculosa), which are separated by a combmation of differences m spore 
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shapes and fennentation reactions, can be separated on differences in assmnl-itioa 
reactions alone 

Studies on all other genera -mil be made subsequently in a manner similar to t!" 
one on Hansenula, after which a selection will be made of the carbon sources bcs* 
adapted for all routine classification of yeasts Studies in progress at the piwcnt 
time have already revealed great differences in the number of carbon compounds 
assimilated by different genera Debaromyces species utihze nearly all of th" 
compounds Pichia, Mycoderma, and all of the apiculate yeasts utilize onlj a 
few The apiculates are of especial interest because every strain utilizes cello- 
biose, even though it may use only two to six other compounds, depending on the 
species to which it belongs 


TABLE 1 


Spore shapes and fermentahon and asstmilalion reactions of the species of the genus Han’cn li 
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ose, suciose, tiehalose, melezitose, L-aiabmose, mannitol, sorbitol, and calcium 
2-ketogluconate, none of which weie assimilated bj^ the 12 stiams of C Lrusei 
thus fai tested 

Numei ous examples could be cited to demonstrate how the assimilation tests 
indicate the desii ability of i educing to synonjuny species now recognized 

It IS of mteiest to indicate the lole of vitamins and tiace elements m the carbon 
assimilation tests Bedfoid (1942) in his valuable stud}’- of the genus Hansemda 
added no vitamins to his assimilation test media, vith the lesult that Hansenula 
suhpdhcidosa and Zygohansemda cahformca greii pooily and failed to reduce 
nitiate m it All stiams tested of these two yeasts leduced nitrate actively and 


ZYGOHANSENULA CALIFORNICA 



HANSENULA SUBPELLICULOSA 

Figure t Two species of \ easts, previously reported incapable of good growth in a 
synthetic medium, groM veil if pure vitamins are added Differences are demonstrated in 
the ability to assimilate the various carbon sources 


grew satisfactorily in the medium used m the present study, as illustiated m 
figuie 1 

Endomycopsts fibuhgei, Endomycopsis selenospora, Endomycopsis javanensis, 
Zygosaccharomyces mgosus (one strain), Zygosacchai omyces versicolor, and Sac- 
char omyces dair crisis (one stiain) are the only yeasts thus fai studied that uill 
not grow on the synthetic medium used in this study At the time this papei w as 
being wiitten, rve found that the fiist four of the above-mentioned species will 
grow’ in the synthetic medium if DL-methionine, L-cystme, or glutathione is added , 
the last tw’o w’lll grow if L-tr^Titophan is added Methionine and tri^ptophan aie 
now’ being added to the synthetic medium m a concentiation of 10 milligrams of 
each ammo acid pei liter of medium 

The addition of tiace elements appeals to have little influence on growth A 
number of fastidious yeasts have been tested in assimilation medium modified to 
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contain no added trace elements as Bell as combinations of trace elements co\cr 
mg a wide lange of concentrations Theie iias no significant clitfcience in the 
amount of gionth obtained 

It IS therefore concluded that sufficient trace elements are present as iniiniri 
ties in the other ingredients Nei ertheless the addition of trace elements « ill he 
continued for protection against the future when manufactiiicis nn\ ln\( 
eliminated some essential tiace element fiom then chemicals 


DISCUSSION 

The expanded use of assimilation tests in the classification of yeasts li is in ah 
them the most valuable type of biochemical test thus fai developed '1 he U'lill- 
are easily and sviftly read vithout the use of leagents oi photometei Ilieic in 
no complications such as are found m fei-mentation tests in which a rcici'il of 
leaction ma}'’ be encountered, oi m the nitrate i eduction leaction m whidi tin 
nitrite may have a transitoi^^ existence Once the assimilation tests liccome jio i 
tive the}’’ lemain positive The assimilation tests aie valuable in both lumfcr 
mentatixm and feiinentatum geneia, foi lesults depend upon the abiliti of ihi 
individual to attack a compound and not on the lecognition of one of thcmim 
metabolites lesulting from the attack 

During the course of this w'ork tests have been nm on molds not far <ibo\c tlic 
yeasts m moi-phological development In geneial, these ha\c gnen simiij; 
characteiistic leactions Bacteiia likewise might be studied advantagcoiisli In 
this technique, using appiopriate buffei, vitamins, tiace elements, and, wlioi 
necessar}^ the minimum requirement of ammo acids and pin me oi pMiiiiidii'* 
compounds The authors have obtained mteiesting lesiilts on a fiw sti iiii- "f 
algae without modification of the medium 
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CONCLUSIONS 

The number of compounds emplo3ed in the assimilation tist^. ins bcni m 
Cl eased 

The additional compound^ are proi ing to be of much i aluc m the d is-itn i nn 

of 3 easts ^ . 

The ex-panded assimilation teds are suggested as haiing po--ilik ii'diiin 

m the classification of bacteria, raolcR, and algae 
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A SINGLE SOLUTION INDICATOR FOR ANAEROBIOSISi 

JOHN A ULRICH and ARLENE M LARSEN 
Hormel Institute, University of Minnesota, Austin, Minnesota 

Received for publication June 4, 1948 

In the preparation of insecticides using methylene blue as a colormg agent, it 
was observed that some preparations, when heated, brought about reduction of 
the dye, which became reoxidized immediately on being shalcen m air Investi- 
gation indicated that the reduction of the methylene blue was caused by the 
combmed action of glucose and sodium monohydrogen orthoarsenate 
(Na 2 HAs 04 7 H 2 O) Preparations containmg vanous concentrations of the two 
reagents and methylene blue were tested The most satisfactory contamed 


Glucose 4 g 

NajHAsOi 7 H 2 O 2 g 

Methylene blue (85%) 0 003 g 

Distilled water 100 ml 


A small amount of the solution was put into a test tube or small flask and 
heated gently to bnng about reduction of the dye just before it was placed m 
the anaerobic jar The small amount of methylene blue which became oxidized 
at the top of the mdicator solution dunng mampulations and before anaerobiosis 
occurred would be reduced dunng mcubation if the oxygen was removed com- 
pletely from the jar 

The ongmal pH of the solution was 8 45 After ten subsequent reductions by 
heatmg and reoxidations on standmg m contact with air, the pH feU stepwise to 
7 48, at which pomt the mdicator still possessed the ongmal activity This 
senes of redox changes was earned out m approximately 8 hours A common 
three-solution mdicator system consisting of a combmation of sodium hj-^droxide, 
glucose, and methylene blue solutions, and similar to that of Fildes (System of 
Bacteriology, vol IX, Med Research Council, Bnt , 1931), was prepared and 
treated m the same maimer The pH of the solution was 10 0 before heatmg, 
and after 7 subsequent reductions and oxidations the pH fell to 6 85 From the 
third reduction each succeedmg decoloration of the dye became more difficult, 
until, after the seventh reduction, it was no longer possible to reduce the methy- 
lene blue 

Glucose arsenate mdicator and alkahne glucose mdicator vere lepeatedly 
reduced and allowed to stand open to the air for 24 to 72 hours before bemg re- 
duced again In one series, the glucose arsenate mdicator was decolorized 13 
tunes dunng 24 days, and at the end of this penod was stiU easily reduced and 
reoxidized The alkalme glucose completely lost its activity m 3 days, but it was 
rather difficult to reduce the methylene blue even after 24 hours A second senes 
gave similar results, except that the glucose arsenate mdicator that v as reduced 

* Publication no 27 of the Hormel Institute 
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™ ^ showed some fading of the methylene blue on the last icon 

The stabihty of the glucose arsenate indicator system over longer pcnods of 
tme was studied, and mdications are that the solution will remain stable and 
allow good decoloration and reoxidation to the onginal color up to at least 11 
months A single solution of the alkaline glucose methylene blue loses its aclu 
ity m 2 weeks or less if it is not kept from contact vath air 
From the foregomg, it appears that a single solution of glucose arsenate mcthjl 
ene blue indicator appears to possess more desirable properties for indicating 
anaerobiosis than the three-solution alkahne glucose methylene blue system 


MUTATION TO TRYPTOPHAN INDEPENDENCE IN 
EBERTHELLA TYPHOSA 

kfERCEDES DE EA GARZA CURCHO 
Department of Bacteriology, Indiana University, Bloomington, Indiana 

Received for publication June 9, 1948 

The traimng of bactena to grow m the absence of a previously required metab- 
olite has been considered as due either to slow, continuous adaptation or to the 
occurrence of spontaneous mutations We have reinvestigated the training of 
Eberthella typhosa to dispense with tryptophan in order to test the apphcabilitj 
of the latter pomt of view 

E typhosa, strain 0 901, Vi-negative (obtained through the courtes} of Dr 
J Craigie) gives full growth in semisynthetic medium with 4 raicrograms per 
milhliter of DL-tryptophan, and a trace of visible turbidity mlh 0 2 micrograms 
per ml The organisms can be trained to dispense with tiyptophan by tran'fcr 
m media with dimimshing concentrations of the ammo acid As the result o 
plating washed cells of the dependent strain grown in a complete medium, a fc'* 
colomes appear, contaimng cells capable of growth m minimal medium witiiout 
trjqjtophan The numbers of these independent variants in parallel culture;, 
each started from one cell, shoved fluctuations m the frequency of the \ananl4 
(table 1), such as wmuld be ex^pected from the analysis of spontaneous niula 
tion given by Luna and Delbruck (Genetics, 28, 491) The mutation rote 
calculated as suggested by these authors, and values betw een 1 4 and 7 a X ^ 
mutations per cell per generation were obtained Media with concentrations 
ti^qilophan of the order of 0 1 micrograms per ml allow partial grout i o ^ 
dependent cells If one or more mutants anse, they' proceed to grow, rc-c n 
a concentration higher than that of the normal cells The replacement o 
pendent by' mutant cells in media with concentrations of the order of 0 rnic ^ 
gram per ml of toTtophan is likely to represent the cnticat ‘^tep m 2,^ 

evpenments The mutants retained the tiyptophan independence tliroJ" 
daily transfers plus routine transfers m complete medium for over a year 
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TABLE 1 

Determination of the frequenq/ of mutant cells in normal cultures 
Seven flasks with 50 ml of nutnent broth were each inoculated with a well isolated colony of Eberthrlla typhosa O 
501 and incubated with shaking for 36 hours The cells were harvested and washed twice by centrifugation (30 
minutes at 2 500 rpm) The cell deposits were resuspended in 10 ml of sterile 0 85 per cent NaCl eolution and used 
to inoculate plates and tubes of minimal medium The titer of each suspension i\as determined by colony count 



CUITUSE NO 


1 

2 

3 

4 

5 

6 

7 

Inoculum, cells per plate 

3 2 X 10> 

1 8 X 10* 

2 6 X 10* 

1 4 X 10» 

2 6 X 10' 

1 3 X 10* 

1 1 X 10« 

Colomes of the mutant in 

106 

2 

0 

0 

0 

1 

0 

Individual plates 

130 j 

0 

1 

0 

0 

0 

1 


135 

0 

0 

1 

0 

1 

0 


117 

1 

0 

0 

0 

5 

0 



1 

0 

0 

0 

0 

0 



0 

0 

0 

0 

0 

0 



0 

2 

0 

2 

0 

0 



0 

2 

0 

0 

1 

0 



0 

3 

0 

0 

1 

0 



0 

0 

0 

0 

4 

1 

Averase 

122 

0 47 

0 8 

0 1 

0 2 

1 3 

0 2 

Katio Mutant cells/nortnal 

3 8 X 10-' 

2 2 X 10-* 

, 3X10-« 

7 X 10-" 

7 7 X 10-" 

1X10-' 

1 8 X IO-* 

cells 

Smallest inoculum that 

1 2 X 10' 

3 6 X 10' 

1 2 6 X 10* 

2 8X 10' 

8 2 X 10' 

2 6 X 10' 

2 2 X 10' 

gaie growth in liquid 
medium cells per tube 








Calculated no of mutants 

0 45* 

0 79* 

0 78* 

0 19* 

0 4* 

2 6* 

0 39* 

m the inoculum that gai e 
growth in liquid medium 









• The a\ erago of the figures followed by an asterisk is 0 8 


THE RELATIONSHIP BETWEEN PRODIGIOSIN PRODUCTION 
AND CATALASE ACTIVITY 

P V CRICHTON AND A S LAZARUS* 

Division of Bacteriology, University of California Medical Center, 

San Francisco 2Z, California 

Received for publication June 12, 1948 

Prodigiosin, the pigment of Serraha marcescens, is agreed to be a tnpyrrole 
methene Waring and Werkman (Arch Biochem , 1, 428) have shown that iron 

* Present address Department of Public Health and Preventive Medicine, University 
of Washington School of Medicine, Seattle 5, Washington 
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deficiency in the medium inhibits pigment formation They haie also sliorni 
(Arch Biochem , 4, 75) that catalase activity m Aerobacter indohgencs falls inth 
decreasmg iron content There exist variant strains of Serraha 7 mrccscc 7 is tint 
do not produce pigment, and it appeared possible that a comparison of colored 
and uncolored vanants could be used to demonstrate a direct relationship be 
tween pigment production and catalase activity 

Catalase activities of our normal stock pigmented strain and a nhite lamnt 
that had appeared spontaneously and bred true through continuous tran«fcrs 
were compared on pour plates by means of Oxford cups containing hydrogen 
peroxide Table 1 shows the differences noted in the diameter of zones of 
inhibition 

Heavy sahne suspensions of the two strains were studied spectrophotometn 
cally in the Coleman photoelectric spectrometer Tw o absorption cun'cs of the 
pigmented stram were prepared For the first curve, the vhite strain was 
placed in the reference cell to obtam a comparative absoiption cun^e for the 
pigmented strain against the white variant To obtain the second cune, a 


TABLE 1 

CONCENTRATION OP HVDROCEN 
PEROXIDE 

BIAUETEE OF ZOVE OF INHIEITIOV AFTEE 24 DOBES AF EOOtt TEJIPrtAmtZ 

White vanant 

Normal form 

per cent 

cm 

cm 

3 

4 5 

3 5 

0 3 

1 9 

1 3 

0 03 

0 76 

0 75 


suspension of the normal strain that had been kept unpigmented by groi\ th at 
37 C was used m the reference cell It was assumed that this curve w ould re\ cai 
differences of absorption that were due solely to the pigment Both cuixes 
followed the general shape of that for prodigiosin (Ehnsmann and Noethling 
Biochem Z , 284, 381) The normal red against white curve had a number of 
sharp peaks, which did not m most instances appear on the other curve In 
contrast, the normal red against unpigmented red curve showed plateaus ntthc:c 
points, mdicatmg identical absorption charactenstics A senes of peaks at 430, 
505, 540 to 550, and 630 m/i was interpreted as the catalase absorption spectrum 
The two experiments outhned above show that the normally pigmented strain 
of Serraha marcescens has a considerably higher catalase activity than the unpig- 
mented variant, and that there appears to be a correlation between abilitj to 
produce pigment and catalase activity 
Assummg the porphm nucleus to be synthesized tn mvo by the same steps (bat 
have been used m the laboratory synthesis, the following is proposed as a Iivpo 
thetical explanation of the ongm of prodigiosin 


Tnpyrryl methanes > Prodigiosin 

It 

Substrate >• DipjTiyl methenes » Porphm - 


Catala'-e 
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The production of tnpyrrj’-l methanes during the laboratory s 3 Tithesis of 
dipyrryl methenes has been demonstrated by Corwm and Andrews (J Am 
Chem Soc , 68, 1086) It is suggested that when catalase production exceeds 
the demand for it, the equihbnum ma}’^ shift, favormg an mcrease m concentration 
of the mtermediate di- and tripyrrjd stages This suggestion is supported by the 
following experimental observations (1) The pigment is produced at room 
temperature, and only by old cells (2) The absorption curve of the normal red 
agamst the white vanant showed a sharp peak at 450 m^t, correspondmg to the 
absorption maximum given for alkyl dipyrryl methenes (Gramck and Ghder 
Ad\ ances m Enzymol , 7, 360) (3) There is a lack of pigment production when 
growth of the normal stram occurs at 37 C The recognized instabdity of cata- 
lase at this temperature could result m reducmg the amount of active enzyme to 
such an extent that the envisaged side reaction production of prodigiosm would 
not occur 




A BIOCHEMICAL AND SEROLOGICAL STUDY OF A GROUP OF 
IDENTICAL UNIDENTIFIABLE GRAM-NEGATIVE BACILLI 
FROM HUMAN SOURCES 

ISABELLE G SCHAUB and FRANK D HAUBER 

Department of Bacteriology, The School of Medicine, Johns Hopkins University, 

Baltimore, Maryland 

Received for publication June 1, 1948 

In the course of a study of paracolon bacilh a niunber of cultures were sub- 
mitted to this laboratory as possible paracolon orgamsms Included in this 
senes were 15 identical cultures of gram-negative bacilli that could not be identi- 
fied Representative strains were sent to Dr Kenneth Wheeler and b 3 '’ him to 
Dr C A Stuart Dr Wheeler reported the orgamsms to be an umdentifiable 
Bacterium species and Dr Stuart confirmed this report, stating that similar 
gram-negative bacilli had been encountered m his laboratory, where they were 
knovTi as “5W ” Because of the not infrequent occurrence of these umdentifi- 
able orgamsms in chmeal material from human sources and because the apparent 
homogeneity of the group suggests the presence of a hitherto undesenbed species, 
the biochemical and serological study to be reported here was undertaken 
The source of the cultures included in the group to be desenbed is given m 
table I Figures on their incidence are not available, but their common oc- 
currence in clinical matenal is endenced by the fact that in one month 11 strains, 
8 of them from unne cultures, were submitted to us for identification by other 
laboratones of the Johns Hopkins Hospital 
Morphology Morphologically these orgamsms are short, fat, coccoid, gram- 
negative bacilh, showing marked bipolar staimng In newly isolated strains 
the morphology is regular, and true bacillary forms are seldom seen In gram- 
stained preparations the organisms strongly resemble Netssena and morphologi- 
cal differentiation would be difficult if not impossible, in fact, one strain in our 
senes, isolated from the cervix, was received from another laboratoiy to which 
it had been submitted as Neisseria gonorrhoeae, and several other strains ivere 
regarded as possible Neisseria species on first isolation Hanging drop prepara- 
tions, however, usually demonstrate the true bacillary form of the orgamsms 
Morphologically stock cultures vary from newly isolated strains in showing 
definite bacillary forms as well as the coccoid form desenbed above Rough 
forms of the orgamsms are qmte pleomorphic, showing coccoid, bacillary, and 
irregular, curved, filamentous forms, whereas small-colony vanants are made up 
entirely of long, irregular, twisted filaments 

These orgamsms naturally occur m the “M,” encapsulated phase The 
capsules are quite small but are easily demonstrated in India-ink preparations 
Growth on media known to encourage capsule formation, such as agar plus 
ascitic fluid with or wuthout milk and glucose, failed to increase the size of the 
capsule or alter the gross colony morphologj’’ No motility has been demon- 
strated in repeated studies on each strain 
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gram-negative bacilli of this group arc strict 
Ziw f aerobicaUy and at reduced oxygen tenL. but fait 

completely to grow anaerobically In broth culture they grou heavily vnih an 
even turbidity, slight smooth sediment, and a delicate pelhcle The pellicle 
mcreases on prolonged incubation, and m 24 to 48 houre a heaiy ring is formed 
tures^^^°^ produced on sohd or hquid media at room or incubator tempera 

On blood or pancreatic digest agar (Brown, 1948) streak plates, well isolated 
colonies are large (2 to 3 mm), white, opaque, raised, convex, smooth, and glisten 
mg, with an entire edge In blood agar pour plates deep colonies are small 
and biconvex, and there is no hemolysis or discoloration of the blood around cither 


TABLE 1 
Source of cutlures 


STRAIN rsmtsix 

SOCTKCE 

CLurrcAi iupMssio»f 

8 

Untie 

Urinary tract infection 

25 

Unne 

Urinary tract infection 

77 

Urine 

History not available 

80 

Left pleural cavity — autopsy 

Aspiration pneumonia, atelectasis 

81 

Urine 

Unnary tract infection 

83 

Pleural and pencardial fluids— au- 
topsy 

Postoperative empyema 

85 1 

Unne 

Unnary tract infection 

86 

Unne 

Unnary tract infection 

87 

Cervix 

Gonorrhea? 

90 

Unne 

History not available 

93 

Unne 

Unnary tract infection 

94 

Unne 

History not available 

95 

Unne 

Urinary tract infection 

97 

Lung — autopsy 

Capillary bronchitis, terminal bron 
chopneumonia 

113 

Heart blood — autopsy 

Capillary bronchitis 


deep or surface colomes On desoxycholate agar the organisms present a dis 
tmctive appearance In general, the colomes are similar to those described 
above, but they are unique in that small colonies are colorless or jelloiM-h, 
whereas larger, well-isolated colomes usually sho^^ a definite pink color or pin! 
center m spite of the fact that 1 per cent lactose broth is not fermented Pro 
longed incubation of blood agar or desoxycholate agar plates frequenth results 
m the production of small daughter colomes Transfers from these ‘^ccondm 
colomes yield small-colony vanants, which will be desenbed later 

Because of the sinking morphological resemblance of these organibms to 
Netssena, they were also studied on chocolate agar plates Well-isolated cohnir^ 
on this medium were large and opaque, resembling those on other media ih' 
oxydase test was completely negatne on all strains 
Biochemical study A study of the cultural charactcnstics of these gnro 
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negative bacilli has shQwn them to be biochemically identical In Durham tubes 
containing 1 per cent carbohydrates m extract broth, only glucose, galactose, 
and arabinose were found to be fermented Fermentation consistently occurs 
in a characteristic fashion, a slight acid reaction appeanng first at the surface 
of the broth in the outer tube and gradually extending to the bottom of the 
medium No grov'th or fermentation occurs in the inner tube Glucose is 
fermented in 24 hours, galactose and arabinose m 2 days Lactose, sucrose, 
xylose, mannitol, salicin, maltose, inositol, trehalose, sorbitol, adonitol, raffinose, 
rhamnose, and dulcitol were not fermented after 1 month’s incubation 

"RTien the organisms of this group were first studied, we were investigating the 
use of 10 per cent lactose agar slants for the identification of paracolon bacilli 
as recommended by Chilton and Fulton (1946), and these strains were therefore 
studied on this medium Although 1 per cent lactose broth or agar slants were 
consistently negative after prolonged incubation, 10 per cent lactose agar slants 
were found to be regularly fermented in 24 hours This apparent discrepancy 
was later thoroughly investigated and found to be characteristic of these or- 
gamsms Ten per cent lactose agar slants show rapid fermentation regardless 
of the method used for the preparation of the medium, whether the lactose is 
autoclaved m the complete medium, autoclaved in aqueous solution and added 
aseptically to the agar, or whether a filtered lactose solution is used The latter 
two methods were investigated to eliminate possible breakdown of the lactose 
dunng sterilization, and the medium contaimng 10 per cent lactose so prepared 
was readily fermented in 24 hours Varying the pH of the medium from 7 0 
to 7 7 also failed to influence the results Ten per cent lactose broth tubes were 
fermented more slowly, reqmnng from 3 to 5 days’ incubation However, if 
freshly inoculated 10 per cent lactose broth cultures were poured into stenle 
petn dishes to increase the available oxygen, fermentation occurred in 24 hours 
as on the 10 per cent lactose agar slants 

A group of control cultures, consisting of a number of strains each of Escher- 
ichia, Aerobacter, Eberthella, Shigella, Salmonella, Proteus, Pseudomonas, Pasteur- 
ella, and Alealigenes, were also studied on 10 per cent lactose agar slants Es- 
cherichia and Aerobacter fermented the medium as would be expected, whereas 
all strains of Eberthella, Shigella, Salmonella, Pseudomonas, Pasteurella, and 
Alealigenes were consistently negative Proteus vulgans, Proteus mirabilis, 
and Proteus rettgen were also negative, but all strains of Proteus morganii gave an 
acid reaction after 48 hours’ incubation on all 10 per cent lactose agar slants 
regardless of the method of preparation Therefore, with the exception of a 
similar but delayed reaction by Proteus morganii, fermentation of 10 per cent 
lactose agar slants correlated with failure to ferment 1 per cent lactose broth or 
agar appears to be a umque charactenstic of these imidentifiable gram-negative 
bacilli 

As for the other biochemical charactenstics of these organisms, all strains 
gave the following results indole negative, methyl red positive, Voges-Proskauer 
negative, citrate positive, mtrates negative, malonate positive, and hydrogen 
sulfide negative Urease is produced on Chnstensen’s urea agar (1946), a -b-k 
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reaction developing m 24 hours Gelatin is liquefied slovly, requ.nng fron, 
6 weeks to 2 months’ incubation In milk plus bromcresol purple, acid is pro 
duced in 3 to 4 days and coagulation in 1 \seek There is complete inhibition of 
growth on Difco SS agar slants inoculated mth undiluted cultures The failiin- 
to reduce mtrates is an outstanding charactenstic of these organisms and ua- 
checked carefully Cultures nere incubated for periods varjing from 21 hours 
to 5 daj's, and the negative tests were checked uith zinc dust (Frobisher, 1911), 
which m eveiy case showed unreduced nitrates to be present 
It might also be mentioned here that determination of penicillin sensilnit\ 
by the agar streak plate, penicillin disk technique of Bondi, Spaulding, Smith, 
and Dietz (1947) showed these orgamsms to be highly resistant to penicillin, 
since there was no inhibition of growth around the penicilhn-saturatcd di^k 
V anants The vanous strains of these gram-negative bacilli have been earned 

in stock for a year since their onginal isolation During this time ^ anation vas 
noted in several strains An “S” form has been found that resembles the ong 
inal “M” form morphologically with the exception of loss of capsules, and ^a^c■^ 
culturally only in delayed fermentation of glucose and galactose An “R" 
form also occurs that shows morphological pleomorphisra, no capsules, t 3 piMl 
granular growth m broth mth loss of pellicle and nng formation, and marked 
delay in the fermentation of carbohydrates, from 3 to 6 days being required to 
ferment glucose, arabmose, and galactose The "R” form also utilizes malonatc 


more slowly than typical strains and fails to produce urease or to iiquefj gelatin 
As previously mentioned, prolonged incubation of agar plates results in the 
production of secondary colomes, isolations from nhich proved to be small 
colony variants These vanants produce very small, streptococcuslikc colonics 
on blood agar and desoxycholate agar plates, and in broth grow poorlj nith a 
slight turbidity and sediment and no nng or pellicle Morphologicallj thc) arc 
unencapsulated, long, irregular, extremely pleomorphic filaments vith fciv 
bacillary forms present These small-colony vanants fail to ferment gluco.o, 
galactose, and arabmose, and 10 per cent lactose agar slants, and also van. from 
the typical organisms in being malonate-, urease-, and gelatm-negatnc Onl' 
agglutination in high titer nith specific antiserum prepared against a t\pical 
strain confirms the relation of these small-colony vanants to tjpical orgini=m^ 


of this group 

Serological study Antiserum vas prepared by rabbit inoculation agam'-t a 
tjqiical encapsulated strain of these gram-negative bacilli Quellung te-ts '•rt 
up in the usual manner showed an immediate, marked spelling of the C3p‘^ti r 
mth all strains m the “M,” encapsulated phase The uncncapsulatcd, -moodi 
rough, and small-colony i anants naturallj failed to gn e a positn c qucllung t' ! 
The quellung reaction mth encapsulated strains, m nhich form the orgmi-m- 
naturally occur, offers a rapid method of identification, =incc qucllung tr-(- on a 
group of control cultures consisting of repre^entatn c strains of 
Aerohader, Eberlhclla, Salmonella, Shigdla, pepudomonas, and Padntrclln i rf 

^ Cross-agglutinationtestsresultedmagglutinationtothetitcrof thr ^^riim . ith 
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all “M” stiams and 80 per cent agglutination of the small-colony vanant The 
smooth and rough strains failed completely to agglutinate Agglutimn-absorp- 
tion experiments were then performed The antiserum was absorbed with each 
of the “M” and small-colony variant strains, and the resulting absorbed serum 
was tested for agglutinins against these same cultures It was found that each 
of the typical encapsulated strains completely absorbed the agglutimns against 
all other such cultures The small-colony form, however, showed little agglutimn 
absorption, the titer of the absorbed serum being only shghtly reduced with the 
exception of complete absorption of agglutimns against the homologous absorbing 
strain 

The serological study clearly demonstrates that in the encapsulated phase these 
orgamsms are serologically homogeneous The smooth, rough, and small-colony 
forms, hov ever, vary serologically from the “M” strains as might be expected 

Agglutimn tests with the same senes of control cultures listed above showed 
absolutely no cross agglutination even in low dilutions with but one exception 
Strains of Pasieurella muUocida were agglutinated to titer with the antiserum pre- 
pared agamst the orgamsms under discussion This apparent serological re- 
lationship was investigated and it was found that (1) antisera prepared agamst 
strains of Pasieurella multocida, which agglutmated Pasieurella strains in high 
titer, failed completely to agglutinate these umdentifiable gram-negative bacilh, 
(2) absorbed antisera, which were prepared in the agglutimn-absorption expen- 
ments descnbed above and which were found to contain no agglutimns against 
these orgamsms, agglutinated Pasieurella multocida strains to the same titei 
as the unabsorbed serum, and (3) strains of Pasieurella multocida failed com- 
pletely to absorb the agglutimns against these orgamsms Thus it was clearly 
demonstrated that there is no serological relationship between these gram-nega- 
tive bacilh and Pasieurella multocida and that the agglutination obsenmd in the 
cross-agglutination experiments was probably due to naturally occurrmg anti- 
bodies against Pasieurella in the rabbit serum Smce rabbits are liable to 
Pasieurella infections, the occurrence of such antibodies does not seem improb- 
able 

As for the agglutination of these umdentifiable orgamsms by antisera prepared 
against recognized species of gram-negative bacilli, none has been observed to 
date This fact was confirmed by Wheeler (1947), who reported that “the 
serology is unrelated to anything we have on hand ” He specifically reported 
no agglutination with antiserum against the manmtol-negative and mannitol- 
positive groups of Shigella or against the Shigella dispar and Shigella alLalescens 
groups, which is of some interest since these orgamsms resemble Shigella in some 
biochemical charactenstics 

Pathogenicity for animals The pathogemcity of these unidentifiable gram- 
negative bacilli was tested in mice and gumea pigs Mice succumb to intra- 
pentoneal injection of 0 01 milhhter of a 24-hour broth culture in less than 24 
hours, whereas gmnea pigs are killed by a similar injection of 0 25 ml The 
organisms were regularly recovered from the heart blood, pleural Quid, and pen- 
toneum of the dead ammals and were identified culturally and serologically 



TABLE 2 

DijfcTcnltalton oj Bacterium anitralum and culluralltj similar gram negative bacilli 
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DISCUSSION 

Biochemically these gram-negative bacilli appear to differ from any recogmzed 
genera and species described in Bergey’s Manual of Determinative Bacteriology, 
sixth edition A possible relationship to Pseudomonas has been suggested, but 
the organism here described produces no pigment, there are well-defined morpho- 
logical and biochemical differences and agglutination tests show no serological 
relationship In table 2 is shoivn the differentiation of these orgamsms from 
Pseudomonas, and also from Pasteurclla, Shigella, and Bacterium parapertussis, 
to V hich they may bear a superficial resemblance 

As the taxonomic position of these gram-negative bacilh is not clear, it seems 
advisable at this time to place them m the genus Bacterium, which is reserved 
for orgamsms not yet assigned to any of the recogmzed genera Since it is their 
failure to reduce mtrates that differentiates them from the great majonty of 
gram-negative bacilli, particularly the Enterobaetenaceae to which they appear 
to be most similar, it seems appropriate to select a species name that will express 
this charactenstic, for example, “anitratum ” Therefore, the name Bacterium 
anitratum n sp is proposed as a name for this group of biochemically and sero- 
logically homogeneous gram-negative bacilli 
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SUMMARY 

The morphological, cultural, and biochemical charactenstics of a group of 
umdentifiable gram-negative bacilli from human sources have been described 
Cross agglutination and agglutimn-absorption tests have shown these or- 
ganisms, when m the “M,” encapsulated phase, to be serologically homogeneous 
and to bear no serological relationship to gram-negative bacilh of the Entero- 
hacteriaceae and other recogmzed genera 

Bacterium anitratum n sp has been suggested as a fitting name for these or- 
ganisms 
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In 1SS6 Chnstian Gram devised a staining technique for differentiating bac- 
terial species The nature of the action of the stain upon bactena has been of 
considerable interest, and many theones have been proposed concermng the 
mechanism of the staining reaction One theory is that of Jobhng and Petersen 
(1914), ■uho are of the opimon that gram-positn e bactena are ncher m im- 
saturated fatty acids than are other bactena They argue that the addition of 
iodine at the double bonds forms an alcohol-insoluble combination •with the 
unsaturated fatty acids in the “ectoplasm” and thus renders the cell wall im- 
permeable to alcohol This impermeabihty prevents the removal of the dye 
that has been absorbed Another theory is that of Remans (1912) He behev es 
that the effect of the iodine is to dissociate the dye from its adsorption compound 
with the tissues to form a large molecular body The lodme and the dye com- 
bine This dye-iodine comple'^ diffuses out of gram-negative bactena upon al- 
cohol application but does not pass out of gram-positive bactena 

The importance of proteins in bactenal chemistrjq as related to the gram stam, 
i\as the basis of the theory of Steam and Steam (1928) They demonstrated 
that the proteins of gram-positive bactena e'^bit an isoelectnc pomt further on 
the acid side of neutrahty than do the proteins of gram-negative bactena In 
either case the isoelectnc pomt is on the acid side, thus both tjqies of orgamsms 
are stained -with basic dyes However, the gram-positn e group -will hold the 
stain more securely since the iodine shifts the pH further to the acid side and 
therefore increases the strength of the onginal staimng Thus, after treatment 
mth iodine, the alcohol does not wash out the "Violet stain as readily from gram- 
positive bactena 

The “modem” conception of the gram-stammg mechamsm was proposed by 
Churchman (1929) He concluded that the protoplasm of all bactena is gram- 
negative and that the gram-positive bactena are cov ered by an envelope of gram- 
positive matenal This hypothesis led to more recent work Heniy and Stacy 
(1943) demonstrated that by using bile salts they could stnp off the gram-positiv e 
outer coat from a number of bacterial species By this treatment they were able 
to separate the gram-negative skeleton, which retamed the shape of the 
orgamsm The gram-positive character could be restored by replating the 
extract back on the gram-negative skeleton Although extract from the gram- 
positive cells contained carbohydrates and proteins, the most abundant con- 
stituent was magnesium nbonucleate Henry and Stacy (1943) were also able to 
restore to the gram-positive state orgamsms rendered gram-negative as a result 
of bile salt treatment, by puttmg them into a neutral solution of the magnesium 
salt of pure nbonucleic acid It is noteworthy that orgamsms that are normally 
gram-negative are not affected by this treatment and also that desoxjmbonucleic 
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acid cannot replace nbonucleic acid in replating gram positn cnc^=: 1 In? ex- 
periment of Henr}' and Stacy suggests that the gram-positn c clnnctor rc-ulo 
in a nbonucleate complex and that the gram-negatn c bactena do not contain 
this matenal 

Bartholomexv and Umbreit (1944) confirmed Henrj and Staej’s rc'iilfa and 
extended them further They conxerted gram-positixe bacteria to gnm-noga 
tive forms by digestion with the enzjme nbonucleasc Tlio} xvere also able to 
replace the bacterial nbonucleate wnth magnesium nbonucleate prepared from 
jeast and thus replated the gram positivencss 

This commumcation reports the plating of gram positixcncss upon normal 
gram-negative Escherichia coh through the action of dcsoxynboniiclcic acid 

MATERIALS AKD METHODS 

The strains of E coh Mere isolated from culture plates obtained from stool 
specimens of patients The bactena w'cre groxxTi in nutrient broth at a pi 1 of S 0 

The desoxynbonuclcic acid x\as prepared by a modification of the method of 
j\'Iirsky and Pollister (1942) The preparation when dned x\as light hroim in 
color and in solution gave the most viscous solution of any preparation made in 
this laboratoiy to date, suggesting a high degree of poljmcnzation Solutions 
of desox jnbonucleic acid were prepared in stenle saline or distilled « iter and 
contained 6 mg of the acid per milliliter (of solution) All incubation Mas done 
at 37 C Centnfugation of the bactena was conducted at room temperature at 
2,000 rpm for 30 minutes The method of staining cmploj cd x\ as that of Ilucke r 
and Conn (1947) All preparations were stained upon the same slide to ensure 
equality of conditions The sahne used in this xxork contained 0 8j grams of 
NaCl per 100 ml of distilled xxater 

Tmo 100-ml flasks of nutnent broth were each inoculated uith a loopfiil of 
E ceZi and incubated for 18 hours at 37 C The bactena from each portion uerc 
then centnfuged and m ashed 3 times each, one portion xxith saline, the other 
portion Mith distilled vater The portion xxhich xxas x\ ashed vith diitiUcfl 
water vas suspended in 5 ml of distilled water Tlie portion wa'^hed witli =ahn'' 
was suspended in 5 ml of saline Four tubes were set up two tubes (no 1 and 
no 2) were employed for the distilled water bactcnal suspension, the remaining 
two tubes (no 3 and no 4) were u'cd for the saline bactcnal suspension Tlie 
suspensions xxere then treated in the folloxving manner To tube no 1 , 1 mi o 
bactena in distilled water and 1 ml of distilled water were addctl I In- t'| 
serxed as a distilled water control To tube no 2, 1 ml of bactena m di-til •'< 
water plus 1 ml of desox'j'nbonucleic acid xxcre added To lufic no 3, a J m 
portion of bactena in saline and 1 ml of saline were added Tins tulK* <•' r f- 
a saline control Tube no } contained 1 ml of bacteria m ‘ahne end 1 rd o 
dcsoxxTibonucIcic acid cohifion 
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with only occasional gram-negative cells After these gram-positive cells were 
washed, a further change in the staining characteristics w'as seen The bactena 
previously suspended in distilled winter when washed 5 times wnth distilled water 
w'ere then found to be gram-negative How'ever, if they were w'ashed with saline 
the positivcness persisted The same observations were noted m the bactena 
originally suspended m saline, when washed with water they became gram-nega- 
tive, but if washed with saline they remained gram-positive These results are 
summanzed in table 1 

This expenment indicates that gram positiveness can be imposed upon normal 
gram-negative Esciierichia colt by the presence in the system of a highly viscous 
desoxynbonucleic acid It is of importance to note that the changing of the 
gram-staining characteristics of E colt is produced only by certain preparations 
of desox jmbonucleic acid, since it w'as shown m the course of our investigation 
that samples of desoxynbonucleic acid giving a less viscous solution have failed 
to produce the gram-stainmg changes 

TABLE 1 


Changes tn the gram stain of E colt incubated with desoxyribonucleic acid 



ItTBE 1 

TUBE 2 

TUBE 3 

TUBE 4 


DuL HiO + Bact. 

DIst. HiO + Bact. 

+ DRNA 

Sahne + Bact 

Sahne 4* Bact. 4* 
DRNA 

Gram stain 

- 

+ 

- 

+ 



AFXEft SEPEATED 
WASHINO 


AriEKXEBEATED 

WASHINO 



with : 
HiO 

Witi 

sabDc 


With 

HjO 

With 

saline 

Gram stain j 

- 

- j 

+ 

- 

- 

+ 


Desoxynbonucleic acid is soluble in distilled water but only shghtly soluble 
in 0 85 per cent sahne This suggests a possible mechamsm by which the posi- 
tiveness produced upon the E colt is retained after washing with sahne Since 
the distilled water dissolves the added desoxynbonucleic acid, it apparently 
removes the acid from the bacteria and thus destroys the positiveness How- 
ever, since the sahne cannot dissolve the added desoxynbonucleic acid from the 
bactena, the positiveness remains Thus, it seems that the desoxynbonucleic 
acid combines with the E colt This combination is soluble m distilled water 
and insoluble in sahne 


SUMMARY 

Gram positiveness can be imposed upon normal gram-negative Eschertchta colt 
by the addition of a highly viscous desoxynbonucleic acid 
The gram positiveness cannot be washed away with physiological sahne but 
can be removed with distilled water 
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Streptococcus sangms (the Streptococcus she of Loewe), onginally identified 
by Yliite and his coworkers, has, wnth few exceptions, been isolated only from the 
blood stream of patients tnth subacute bactenal endocarditis (White, 1944, 
White and Niven, 1946, Niven and YTiite, 1946, Loewe et al , 1946, Niven et al , 
1946 , Washburn et al , 1946) This causative organism has a type specificity 
as established by the follovung biological and serologic entena (1) it produces 
greening of blood agar in 24 hours, (2) it hydrolyzes argimne m 48 hours, (3) it 
ferments inulin -mthin 1 week, (4) it does not ferment rafiBnose within 1 week, 

(5) it fails to produce slime on 5 per cent sucrose gelatin agar m 24 hours, and 

(6) it displays a type-specific precipitin reaction m immune serum vuthin 10 to 
20 minutes 

Loewe, Plummer, Niven, and Sherman (1946) and, later, Loewe and Alture- 
Werber (1946) reported on the prognostic significance of Streptococcus sangms 
in subacute bactenal endocarditis and stressed the senous implications of in- 
fection with this organism It was responsible for most of the treatment failures 
in our senes of more than 200 endocarditis patients who received antibiotic 
therapy at the Jewish Hospital of Brooklyn It was pointed out m these com- 
munications that the organism was apparently refractory to the therapy despite 
the fact that in the test tube it had the same range of sensitivity to pemcilhn or 
streptomycin as had other members of the Streptococcus mridans group Even 
in the successfully treated patients massive amounts of pemcilhn or streptomycin, 
or both, were required umnterruptedly over a span of 5 to 8 weeks m order to 
terminate the infection 

Hehre and Neill (1946) desenbed a dextran-producing streptococcus isolated 
from patients with subacute bactenal endocarditis From their description it 
IS highly probable that the orgamsm is identical with Streptococcus sangms 
Schneierson (1948) recently confirmed the occurrence and type specificity of 
Streptococcus sangms in a study of vindans strains isolated from patients vuth 
subacute bactenal endocarditis 

The present report concerns observations on an unselected group of 56 out of 
a total of 152 recovered endocarditis patients who, withm the past 7 months, 
have been inoculated with a polyvalent vaceme consisting of 5 strains of Strepto- 
coccus sangms isolated from the blood stream of patients with active bactenal 
endocarditis These organisms used for preparation of the vaccine, although 
quite sensitive to pemcilhn in intro, proved to be characteristically refractory 
in mvo 

’ The authors wish to thank Mary Kozak Shore for her technical assistance 
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This exploratory study was motivated by a desire to protect our recovered 
patients from the recurrences that are to be expected in this disease Where 
recurrence is inevitable, it was hoped by this prophylactic program at least to 
avoid infection with the climcally resistant Slreplococcus sanguis 
The 56 patients in this senes were postrecovery 2 months to 5 years The 
infecting orgamsms in this senes have been tabulated as indicated in table 1 
Rabbits successfully immunized with Streptococcus sanguis were given three 
7'day courses with 7-day rest penods For patients a different schedule had to 
be devised, the first 3 injections being given mtradermally, 5 million organisms 
per dose All succeeding injections were given subcutaneously and the dosage 
was increased to 15, 25, 50, 100, 200, and 400 million orgamsms Injections 
were given twice n eekly for 4 weeks, weekly for 1 month, and, finally, ev'erj' other 
week indefinitely, the patients are still being vaccinated Following an increase 
of dosage some patients developed slight reactions, such as whealing at the site 


TABLE 1 

Causative organisms in B6 recovered cases of subacute bacterial endocarditis 


Streptococcus sanguis 
“ bans 

“ mills 

“ faecalis 

“ not further identified 

Staphylococcus aureus 
Pneumococcus 
Vetllonella gazogenes 
Spirochaeta vincenlt 
Erysipelolhrix 
Undetermined etiology 

Total 


21 

6 

5 

1 

10 

1 

1 

1 

1 

1 

9 

66 


of injection and sw^elling of the arm, which subsided in 2 to 3 days In two 
patients who had reactions of longer duration, injections were withheld unti 
the reactions disappeared and a more conservative program was then pursued 
From time to time sera were checked and titrated for agglutinin and precipitin 
formation Agglutinin expenments were performed with an antigen 
as for immumzation The bactenal cells were mixed w ith an equal volume of t e 

various serum dilutions and incubated overmght, refrigerated for 2 hours, an 
then read For precipitin expenments the Lancefield (1933) techmque was 
followed Sera diluted at least 1 10 were employed for all tests 

RESULTS 

Subjects bled 4 days after the first injection were still negative (table 2) 
From this table one can note that with lapse of time there is a progressiv e n- 
in agglutination titers Thirteen w eeks after the start of immunization one 
of the subjects had titers of 1 20, 2 weeks later two-thirds of them had po=i 
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titers in the 1 40 and 1 80 dilutions At 21 weeks the titers were 1 40, 1 80, 
or 1 IGO, and remained at this level for some time, one patient at 23 weeks gave 
a reading of 1 320 No agglutinins were obsenmd for a long time m 3 subjects 
who omitted a number of injections, but their titers started to pick up as soon 
as they resumed inoculations Two subjects progressed very slowly despite a 
satisfactory dosage schedule, they were agglutimn-negative even after 3 and 
4 months’ treatment, but soon thereafter their titers rose to 1 10 and 1 20 
The same sera were tested for precipitin formation with Lancefield extracts 
of Streptococcus saiigms, the capillary method being used Precipitins were 
formed more rapidlj' than agglutmms, and more so m humans than m rabbits 
Thej*^ appeared m much lower titers than the agglutmms (table 3) and seldom 
exceeded titers of 1 10, 1 20, 1 30, or 1 40, few reaching titers of 1 60 Seven- 


TABLE 2 

Eesulls of agglutination experiments in sera of 66 subjects immunized with a polyvalent vaccine 

of Streptococcus sanguis 



teen weeks after the onset of immunization all sera gave typical precipitm re- 
actions vuth the carbohydrate extracts of Streptococcus sanguis 

Table 4 presents a comparative study of agglutimn and precipitin formation 
in 15 patients It is apparent that the titers of agglutmms and precipitins rose 
according to the duration of treatment and frequency of injections The sera 
of J H and I S remained negative for a long time, these subjects interrupted 
their vaccine treatment but as soon as they reported regularly their titers rose 
As already mentioned, two sera for unknown reasons did not show positive 
readings for agglutmms for a long time Precipitins were produced very readily 
in all subjects 

Complement-fixation tests were attempted, but diflBculty in the preparation 
of a smtable antigen delayed this investigation The mouse-protection ex- 
periments were tried, but the mouse is not very suitable as a test animal for 
streptococci of the vindans group Even with mucin such large numbers of 
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organisms are reqmred to kill that another host has to be emploj^ed in order prop- 
erly to assess the protectl^ e properties of these presumably immune sera In 
vestigations m this direction are m progress 

TABLE 3 


Results of precipitation experiments in sera of 56 subjects immunised with a polyialent laccine 



TABLE 4 


Comparative agglutination and precipitation titers in sera of 15 subjects immunized with a 
polyvGlcTit vctcctfi€ of Slrcptococciis songuts 
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cunenccs m these susceptible individuals It ivas hoped, m any event, to pre- 
vent infection m ith Streptococcus sanguis, v hich has proved to be responsible for 
most of oui treatment failures in this disease The inoculated subjects responded 
readily to the polyvalent vaccine with the formation of agglutimns and pre- 
cipitms Although it is premature to draw any conclusion, it is encouraging that 
none of these subjects suffered a recurrence of the disease during the course of 
this 7 months’ study 


REFERENCES 

Hchhe, Edward J , and Neild, James M 1946 Formation of serologically reactive de\- 
trans by streptococci from subacute bacterial endocarditis J E\ptl Med , 83, 147- 
162 

Lancefield, Rebecca C 1933 A serological differentiation of human and other groups 
of hemolytic streptococci J E\ptl Med , 67, 571-595 
Loewe, Leo, and Altukb-Werber, E 1946 The clinical manifestations of subacute bac- 
terial endocarditis caused by Streptococcus s b e Am J Med , 1, 353-361 
Loere, Leo, Plummer, Norman, Niven, C F , Jr , and Sherman, J M 1946 Strepto- 
coccus s b e in subacute bacterial endocarditis J Am Med Assoc , 130, 257 
Niven, C F , Jr , Kizihta, Z , and White, J C 1946 Synthesis of a polysaccharide from 
sucrose by Streptococcus s b e J Bact , 61, 711-716 
Niven, C F , Jr , and White, J C 1946 A study of streptococci associated with sub- 
acute bacterial endocarditis J Bact , 61, 790 
Schneierson, S Stan lev 1948 Serological and biological characteristics and penicillin 
resistance of nonhemolytic streptococci isolated from subacute baeterial endocarditis 
J Bact , 66, 393-399 

Washburn, M R , White, J C , and Niven, C F , Jr 1946 Streptococcus s b e Im- 
munological characteristics J Bact , 61, 723-729 
White, J C 1944 Streptococci from subacute bacterial endocarditis Cornell Univ , 
Abstracts of Theses, 195-197 ^ 

White, J C,andNiven,C F,Jr 1946 Streptococcus s b e A streptococcus associated 
with subacute bacterial endocarditis J Bact , 61, 717-722 




STUDIES ON THE BEHAVIOR OF FUNGI IN THE PRESENCE 
OF RADIOACTIVE ISOTOPES* 
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Early in 1946 it was found by the authors that certain shipments of radioactive 
isotopes (P®^ and I*’*) were contaminated with fungus spores At that time 
these spores m ere observed imder the microscope and cultures of them were iden- 
tified As a result of this observation, the authors decided to test the sensitivity 
of numerous stock cultures of fungi available in this laboratory The prehmmary 
results of this w ork ha\ e been published (1948) Since that time we have re- 
peated and expanded the work and altered the techmque onginally used 

JIATERIALS AND METHODS 

In this study 43 fungi were exposed to radioactive lodme, radioactive phos- 
phorus, and high voltage X-ray The cultures were grown on Sabouraud's 
medium imtil there was a good growi/h and spores were visible nucroscopically 
Enough stenle sahne v as added to each tube to brmg the water level to the top 
of the agar slant — approximately 3 to 5 ml The cultures were taken to the 
isotope laboratory where 20 microcunes of radioactive phosphorus or lodme 
V ere added to each tube " They were left in the isotope laboratory at room tem- 
perature for 48 hours, subcultures were then made in the bacteriological labora- 
tory and incubated at room temperature Cultures of the same fungi were ex- 
posed to an equivalent amoimt of high voltage X-ray (1,100 Roentgen umts) 
and then subcultured Table 1 shows the effects on the growth of the fungi as 
compared with the growth of control cultures 

Because distance and adequate filteiing are the important factors in protecting 
the worker from the beta rays emitted by radioactive phosphorus and the gamma 
rays emitted by radioactive iodine, the workers wore heavy rubber gloves and 
lead-impregnated aprons, and the isotope solutions were kept behmd a lead 
shield The solutions were dispensed from pipettes vnth a special isotope- 
dispensmgbulb attached, thereby ehmmating the necessity of pipetting the radio- 
active solutions with the mouth It was found to be necessaiy that tv o people 
negotiate the transfer of the radioactive isotopes to the culture tubes The 
calculation of the dosage, the pipettmg, and the transferrmg of the radioactive 
isotopes to the culture tubes v ere done by a physicist A second person mampu- 
lated the culture tubes with a pair of tongs durmg the inoculation The tubes 
were exposed to the radioactive solutions for 48 hours m the isotope laboratory 

* Supported in part by a grant from the American Cancer Society, Committee on Growth, 
through the National Research Council 

® The chemical quantities of these elements have no bearing on the chemistrj of the 
medium 1 microcune of radioactive iodine is 8 X lO"^' grains of iodine, 1 nucrocurie of radio- 
active phosphorus is 3 5 X 10~‘* grams of phosphorus 
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TABLE 1 

Effect of radiations on fungi 


CBOWXH AFTES EXPOSURE TO 


1 Actinomyces asteroides 

2 Alternana 

3 Aspergillus 

4 Aspergillus niger 

5 Blastomyces brasiliensis 

6 Blastomyces dermatitidis 

7 Candida albicans 

8 Cephalosporium 

9 Coccidioides immitis 

10 Cryptococcus neoformans 

11 Epidermophyton jloccosum 

12 Fusarium 

13 Geotrichum 

14 Gliocladium 

15 Helminthosporium 

16 Histoplasma capsulatum 

17 Hormodendrum 

18 Hormodendrum compactum 

19 Hormodendrum pedrosoi 

20 Microsporum audouini 

21 Microsporum cams 

22 Microsporum gypseum 

23 Microsporum lanosum 

24 Monosportum apiospermum 

25 Mu cor 

26 Nigrospora 

27 Oospora 

28 Paecilomyces 

29 Penicillin 

30 Phialophora verrucosa 

31 Rhizopus 

32 Rhodotorula 

33 Scopulariopsis 

34 Sporotrichum schenckit 

35 Strepiomyces 

36 Syncephalastrum 

37 Trichoderma 

38 Trichophyton mentagrophyles 

39 Trichophyton rubrum 

40 Trichophyton schoenleini 

41 Trichophyton tnolaceum 

42 Verticillium 
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+4-+4- 
4-4-4- 
4-4-4- 
-l — 1 — I — f- 
4-4- 4-4- 
4-4- 
4-4-4- 
-l — F-1 — f- 
4-4-4-4- 
4-4-4-4- 
4-4-4-4- 
4- 4-4-4- 
4- 4-4-4- 
4 — I — I — 1- 
4- 

-f-f-f 
4-4-4-4- 
4-4-4-4- 
4-4-4-4- 
4-4-4- 
4-4-4- 
4-4-4-4- 
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4-4-4-4- 
4- 4-4-4- 
4- 4-4-4- 
-l — l--l--t- 
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4- 4-4-4- 
4- 4-4-4- 
-f — I — h 
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-f-f” f-f 
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4-4-4- 
4-4-4-4- 
4- 4-4-4- 
4- 4-4-4- 
4 — h-f-j- 
4-4- 

4-4-4-4- 
4-4-4- 
-f-f-f -f 
4-4-4- 
-f 

4- 4-4-4- 
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-(--f 
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4- 4-4-4- 
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The 4- signs indicate the amount of growth as compared with growth of control cultures 
The amount of growth was graded from 0 (no growth) to 4-4-4-4- (normal gront i; 

The racks holding the cultures t\ere taken to the bactenological laboralorv on a 
metal tray and placed behind a protective shield Stenle 12-inch drat n ou 







Figure 1 A section of dog liver show ing several miliarj abscesses, one w ith an organism, 
Blaslomyceb dcrinattlidis, in the center X 200 H and L and gentian violet stain 

Figure 2 Section through a small bronchus of the same animal, showing purulent e\u 
date which contains several Blastomyces dermatilidis organisms X 200 H and E and 
gentian violet stain 
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Figure 4 (a) A Fusanum colon^ after a 4S hour exposure to 100 microcunes of 
X 125 Dilute methjlene blue (b) Autoradiograph of (a) X 125 

glass pipettes \Mth lubher bulbs attached weie used to agitate the solution in the 
test Uibes until suspended pai tides of spoies and mjcelia nere Msible, several 
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diops of this suspension ^\ele Mithduwn with the pipette and inoctilaled on 
Sabouiaud s slants Duiing this pioceduie the ■\\oikcis i\oie hca^y iiibbci 
gloves and lubbei api ons Again one peison handled the pipetting and a second 
handled the subcultuies Following each step in the pioceduie, Geigei count', 
veie done on the laboi atones and equipment used and on the pci-sonncl in- 
volved The eultures leceiving the X-iay were handled m the loutmc miniici 
nithout ladioactive piecautions 


RESULTS 

Since the amounts of P®’, and X-iay used in this e\peiinient wcie not 
lethal and no gioss moiphological changes in the fungi veie noted, a pathogen 
and a nonpathogen, after exposuie to the ladioactive solutions, veie inoculated 
inti avenously into animals to check any alteiation in pathogenicity Allciiiana, 
the nonpathogen, could be followed with the Geigei countei aftei injection, 
w^hen the animal w^as saciificed after 15 days no lesions weie found and the oi 
ganism could not be cultuied fiom post-mortem mateiial Tlie animals le 
ceivmg Blastomyces dermahlidis, the pathogen, died m 24 days oi less of gen 
eiahzed blastomycosis The distiibution of these oi ganism could also be fol 
low'ed, aftei injection, wuth a Geigei countei, and positive cultuies of B clcrmalt 
iidis weie obtained fiom the post-moitem mateiial (See figuies 1 and 2 foi 
photomicrogiaphs of lesions ) The cultures used foi injection weie filtciecl 
through a Seitz filter and w'ashed until the filtrate^ was radionegative to the 
Geigei countei The ladioactive spoies and mycelia on the filtei weie icsiis- 
pended m steiile physiological saline before injection Piepaiations made of 
this mateiial and of Fusanum w^eie placed on unexposed lantein slides and aiito- 
ladiogiaphs obtained, showing that the fungi themselves weie ladioactne 
(See figuies 3 and 4 ) It w'as not possible to obtain autoiadiogiaphs of single 
spoies 01 mycelia because the silvei gianules in the emulsion weie too laigc and 
theie ivas a considerable amount of scatteiing This technique is being studied 
fuither and developed 

SUMMAEV 

A pioceduiefoi handling cultuies containingiadioactivemateii ils is clcsi iibed 

Xumeious pathogenic and nonpathogenic fungi suivivcd exposuie to ladio 
active phosphoius, iodine, and high voltage X-ray without alteiation in t i(U 
morphology oi pathogenicitj’’ 

Solutions of ladioactive iodine and phosphorus aie not ‘-elf-steiili/mg 

Several autoiadiogiaphs of fungi aic piesented 

The authois wish to expiess their giatitudc to tlie Depaitmcnt of llaitcri- 
ologjq Duke Unneisity, who supplied some of the cultuies u=ed in this stuc \ 

RErEREVCE 

Pecbsox, I V , Hammer, J M , ano Him. E J 1948 TJ.^a tuiior of func. n> tla 

cnce of radioactnc tracers Harper Hosp Bui! , 6, -tO-ji - 


’ A filtrate that gaic not more than 10 C/M/ml mb-s considered to hi ridioii'giti 
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Until recently the general impression has been that a virus requires a complete 
In ing host cell for its multiplication, since cells killed by heat or certain chermcals 
not onljr fail to support torus groivth but inactivate any virus which becomes 
attached to them Since such agents as these doubtless produce rather general 
hat oc in a cell, destrojong the balanced functional properties of many of the 
eonstituents, it seemed desirable to investigate the possibihty that a virus might 
be able to utilize for its multipheation the cellular apparatus of host cells that 
had been damaged in a more discrete manner 

I have studied the interactions of T2 torus with host cells (Eschenchta coh, 
strain B) that hate been irradiated with ultraviolet light Here the primary 
damage to the cell, being produced by the absorption of inditodual quanta of 
radiant energy, is probably hmited to molecular dimensions at or near the sites 
of absorption, but scattered throughout the volume of the cell in accordance with 
the distnbution of absorbing matenal It was foimd that cells that had been 
killed man}’’ times over by ultraviolet irradiation were stiU capable of supportmg 
Mrus growth 

JUTERIALS AND METHODS 

The bactenal virus T2 (virus gamma of Luna, Delbruck, and Anderson, 1943) 
and strain B of Eschenchta coh were used in the present study A sjmthetic 
medium (Anderson, 1945) contaimng ammomum lactate as the sole source of 
carbon and nitrogen was used for liquid culture since it is transparent to the 
ultra^^olet hght used and supported bactenal growth up to 1 g iier hter and T2 
virus grov th on these bactena to 5 X 10*" active particles per ml One per cent 
agar in this medium was employed as a sohd medium for both bactenal assay by 
the colony-counting method and nrus assaj’’ by the plaque-countmg method of 
Delbruck and Luna (1942) 

A General Electnc Company type H-4 mercury lamp with the outer glass 
shell removed served as an intense source of ultraviolet hght Cultures were 
irradiated in a quartz test tube of 1-cm internal diameter, which in turn vas 
placed inside another quartz test tube of 2 5-cm internal diameter The latter 
tube was filled vith ethyl alcohol to filter out wave lengths shorter than 2,200 A 

* This worL was supported by a grant from the Medical Research Division of Sharp and 
Dohme, Inc The manuscript was completed under Contract N6 on-168 Task Order II 
between the Navy Department and the Trustees of the Umversity of Pennsylvania 

= From matenal presented to the Eastern Pennsylvania Chapter of the Societj of Amen- 
can Bacteriologists, November 23, 1943 (cf Anderson, 1944) 
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This assembly was placed 5 inches from the lamp In aU the expenments the 
hquid cultures were stirred continuously by aeration during irradiation Short 
exposures to the ultraviolet were timed by a 180° sector dnven by a synchronous 
motor that made one revolution per second The motor ivas actuated by a 
switch that caused it to make one rotation and then stop in a position to inter- 
rupt the hght beam Each time the switch u as closed the specimen thus re- 
ceived one-half second of irradiation 

Much less intense, but monochromatic, ultraviolet hght i\as obtained using 
an H-4 lamp with the outer glass shell removed as the source and a quartz mono- 
chromator to select individual Imes in the mercury spectrum 


EXPERIMENTAi RESUI/TS 

In preliminary experiments the host nas exposed to relatively ueak mono- 
chromatic radiation at X 2,537 obtained with the monochromator This gave a 
first-order rate of lalhng of the cells as detenmned by colony counts, 10 minutes 
of irradiation being required to reduce the colony count to 10 per cent of its 
imtial value Virus T2 was added to cells exposed for 0, 20, 40, 60, and 80 
mmutes, after 10 minutes had been allowed for adsorption in each case, the mix- 
tures were assayed for the number of plaque-formmg particles An excess of 
fresh, imirradiated bactena nas used for pounng the plates It was found that 
the plaque count was not reduced appreciably after the ex-posure of the virus to 
bactenal suspensions that had been irradiated for as much as 80 minutes Either 
the virus had not been adsorbed on the damaged cells or it had been adsorbed 
and had not been inactivated To obtain data on the doses required for the 
production of virus-inactivating cultures we turned to the more intense direct 
irradiation with the H-4 lamp 

With the H-4 lamp the kilhng of the bactena again followed the first-order 
equation (Gowen, 1936) 

N/No = e->=‘ (1) 


Here No is the ongmal number of colony-forming orgamsms per ml and N is 
the number able to form colomes after an exposure of t seconds In the succeed- 
ing discussion n e shall term the product It the number of “lethal doses The 
rate constant A. was quite constant, xarying between 0 75 and 0 59 sec * oxer a 


penod of months , 

In experiments modeled after that outhned above it was found, as illustrate 
in figure 1, that with contmued irradiation host suspensions sloxxly acquire the 
abihty to mactivate added xurus and then, as irradiation is continued, this e 
structix'^e abihty is gradually lost From these results it seemed likely t a 
(besides kilhng the cells) irradiation affected the cells’ interaction vnth 
two XX ays first it rendered them unsuited for xnrus multiplication, so t at 
added xrrus, being adsorbed, was inactivated, and, secondly, the radiation more 
sloxxly destroy ed the cells’ abihty to adsorb xnrus so that x irus added to t e mo- 

sexerely damaged cells was able to surx IX e n m 

It was now necessary to find out whether killed cells had actually een a .) c 
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ndsorb vnus particles For this purpose adsorption miv-tures of virus and ir- 
radiated cultures were centrifuged at 4,000 rpm for 5 minutes, a treatment suffi- 
cient to throw doum the bacteria with adsorbed virus, but not sufficient to sedi- 
ment the much smaller free virus particles Assays made of the supernatant 
liquids then yielded the concentrations of free and active virus particles, whereas 
assays of the resuspended sediments provided estimates of the concentrations 
of adsorbed virus particles that were able to form plaques In this manner the 



LENGTH OF EXPOSURE OF BACTERIA TO UV 

Figure 1 Log survival of bacteria exposed to the intense radiation from the H-4 lamp 
(solid circles) and of T2 virus added to the bacteria after irradiation (open circles) The 
bacteria in ammonium lactate medium had been aerated at 37 C for 2 hours and had reached 
a concentration of 4 X 10* cells per ml when an aliquot was irradiated One tenth-ml sam- 
ples were removed at early intervals for colony counts, and at later intervals 0 9 ml samples 
were removed for virus inactivation expenments About 2 X 10* T2 particles in 0 1 ml of 
the synthetic medium were added to each of the samples, and after 10 minutes had been 
allowed for adsorption the mixtures were assayed for plaque forming particles by plating 
0 1-ml samples with an excess of normal bacteria Note that the time scale in the figure 
IS expanded for short exposures and compressed for long exposures The bacteria were 
rapidly killed, but the bacterial suspension slowly acquired and then gradually lost the 
capacity to inactivate the virus as the exposure was prolonged 


data presented in figure 2 were obtained It is seen that appreciable numbers 
of plaques were produced by sedimented bacteria that before infection had 
received 30 lethal doses (50 seconds) of irradiation After such treatment only 
one in lO^® cells (more than were used in the entire expenment) would have been 
able to produce a colony We conclude that UV-killed cells can not only adsorb 
Virus but, after plating, cells which hax’-e been killed and then infected are able 
to liberate active virus particles and so initiate the formation of plaques 
As far as one can judge from the foregoing experiments the formation of plaques 
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from these damaged and infected cells could have been due to the direct relMv 
of the adsorbed virus particles after they uere plated or to virus growth and 
of the infected cells with the liberation of many new virus particles 
To see whether virus multiphcation had occurred, the ai erage number of 
virus particles liberated per damaged bacterium (burst size) vas determined in 
expnments following the procedure outlined in table 1 It is seen from the re 
suits given there that an average of 18 virus particles were liberated from cells 



LENGTH OF EXPOSURE OF B to UV 

Figure 2 Total plaque counts (circles), plaques from virus adsorbed on irradiated bac 
tena (triangles), and plaques from free virus (squares) The aerated bacterial culture had 
grown to 5 X 10® colony-forming cells per ml when a sample iias irradiated with light from 
the H-4 lamp Samples irradiated for 0, 4, 8, and 12 seconds were assayed by colony counts 
for the survival of the bactena Samples of 0 9 ml were removed after exposures of 0, 30, 
40, 50, 60, and 70 seconds, and 2 7 X 10® T2 particles in 0 1 ml were added to each Alter lu 
minutes bad been allowed for adsorption the bactena and adsorbed virus were centrifugcu 
down leaving the free virus in the supernatant The plaques formed by 0 1 ml of the super 
natant (free virus), that from 0 1ml of the sediment resuspended in 1 0 ml (adsorbed virus), 
and the total counts are plotted in the figure against the length of exposure of the host cells 
The concentrations of colony-forming cells were as follows 

Exposure (seconds) 0 4 ® 

Colony-forming cells per ml 5 X 10’ G X 10’ 6 X 10 5 X 10 

that could liberate some virus after receiving 9 lethal doses of irradiation {11 = ^) 
The unexposed control cells released 37 particles on the average The results 
of many such expenments m which vanous doses of irradiation were given tbe 
bactena before infection are plotted m figure 3 It is seen that the burst sizes 
from those cells that were able to liberate some active \ irus decreased as the pre- 
infection damage to the cells was increased Othenvise the cun'cs obtained 
in the burst size determinations appeared to be normal 
We conclude that T2 bactenophage is able to multiply on host cells that have 




TABLE 1 

The hurst size of virus T3 on control and on irradiated bacteria 
Bictern from a 35 hr, 37 C, aerated culture in a synthetic medium containing 1 4 X 10’ 
cells per ml ^^crc given 9 lethal doses of irradiation from the H-4 lamp Virus was then 
added to the irradiated bacteria and to the unevposed control, and after 5 minutes had 
been allowed for adsorption, the suspensions were greatly diluted in synthetic medium 
and incubated with aeration at 37 C The virus titers were determined at intervals as in 
the work of Dclbriick and Luna (1942) 



CONTROL , 
BACTERIA 

1 

lEEADIATED 

BACTEEIA 

Adsorption time 

1 

5 mm 

5 min 

Total bactcria/ml after dilution 


6,400 

Ibrus particles/ml 

5,500 

5,500 

Initial virus titer 

5,300 

5,800 

Initial unabsorbed virus/ml* 

1,800 

2,500 

Initial multiplicity of infection 

Initial virus titer — initial unadsorbed virus 
« — — - — - — — — - 
total bacteria 

Final virus titer 

0 58 

130,000 

0 47 

j 

62,000 

Burst size 

Final virus titer — initial unadsorbed virus 

Imtial virus titer — initial unadsorbed virus j 

37 

1 


• Determined from assays of supernatants of the diluted mixture 
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LENGTH OF EXPOSURE OF B to UV 

Figure 3 The ratios of the burst sizes of T2 virus on irradiated bacteria to bmst sizes 
on control bacteria m a series of experiments patterned after that of table 1 It is seen 
that the burst sizes decrease progressively with increasing exposures of the bacteria to 
■ultraviolet irradiation The data for each CKpenmeiit are given indi'vidual circle symbols 
in the graph, but the curve has been drawn through the average values for each exposure 
that are indicated by crosses 
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received many lethal doses of irradiation but that irradiation damage decreases 
the average number of virus particles liberated per cell 


DISCUSSION 

It seems clear from the foregoing results that the complete moiety of collulnr 
constituents required for continued multiplication of the host to form a coloni 
IS not required for T2 proliferation and the release of daughter particles A 
similar conclusion might be drawn from the observation of Rouyer and Latarjet 
(1946) that bacteriophage Cl 6 will multiply on its host, “bacille paradysentenquo 
Y6R,” after the latter has received many lethal doses of X-irradiation Other 
lines of evidence pomt to the same conclusion For example, Spizizen (1913) 
has observed the multiplication of a bacterial virus on host cells m media con 
taming metabolic poisons or limitations of nutrient such that the cells could not 
multiply In these three cases bactenophages have been observed to multipl) 
under conditions that are lethal to the host cell 
Mutations of host cells to resistance set up conditions under which the mutant 
cells are viable but fail to support virus growth Studies of such cells have thus 
provided additional clues to the relation of virus requirements to cellular con 
stituents Certain of these mutations in F coli, strain B, leave the cell nutn 
tionally deficient, presumably through the deletion of certain enzyme systems 
(E H Anderson, 1944, 1946) The altered host thus becomes resistant to one 
or more of the viruses active on the parent strain, hut remains sensitive to the 
others E H Amderson (1944) infers from this that all of the onginal cellular 
apparatus is not required for the multiplication of the viruses Still the fore- 
going mutant cells are viable, if supplied with smtable nutnents theyc an mul- 
tiply mdefimtely to form colonies Therefore, all of the cellular apparatus of 
the parent cell is not required for viability either 

We are thus led to view the cell as a group of functionally co-ordinated ele- 
ments One subgroup of these elements is essential to the cell's viability Other 
subgroups, possibly umque for each virus tjqie but in general different from that 
required for viabihty, are essential to the multiphcation of the viruses active on 
the cell The elimination of an element by mutation or otherv ise miglit lead 
to a cell that is resistant to the viruses whose subgroups contain that element, 
or to a nonviable cell if the element is contained in the subgroup essential to 
cellular multiphcation 

Work with resistant cultures is limited to deletions of the viable type in wliicli 
the deleted element is not a member of the viability subgroup, but it has the 
advantage that clues to the nature of the deleted element can be found in faior 

able cases . 

The grow'th of virus on radiation-damaged cells shows that manj of the eie 
ments in the viability subgroup are not contained m the virus subgroup u ' 
agents of known specificities are used, however, there will be little chance o 
characterizing the elements of the inability subgroup 
jNTevertheless, the inactivation of virus by heavilj damaged cells does tc 
us something of the nature of the virus-host complex From figures 1 an 
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it may be seen that the proportion of particles inactivated by the bactenal 
suspensions increases v ith increasing irradiation of the cultures It seems likely 
that many of those particles are irrevcrsibl 3 f adsorbed on bactena that ha^ e been 
so seAerel}^ damaged that they fail to support virus multiplication Without 
adsorption it is difficult to explain the summary lysis of heavily irradiated host 
cells b}’^ T2 virus (Anderson, 1945) or by T4 virus activated by L-tiyptophan 
(Anderson, 1948) Heat killing or moie severe chemical treatment of the host 
cells results in a cell that similarly inactivates the adsorbed virus It would 
appear that once a virus particle is adsorbed on the host cell it is committed to 
a set course of action that normally would lead to virus multiphcation and lysis 
of the host If the cell has been damaged sufficiently, the course is somehow 
blocked, the virus can neither multiply noi free itself to infect other host cells 
A stnkinglj' analogous effect is observed if irradiated T2 virus is allowed to react 
vath normal host cells (Luna and Delbruck, 1942) The irradiated virus is 
unable to multiply, but when adsorbed on the host it apparently interacts ir- 
rei ersibly vath constituents essential to the host cell and so prevents its multi- 
plication The present results suggest the conveme, namely, that certain con- 
stituents of the host cell whose structures have been altered by the absorption 
of ultraviolet light can inactivate virus elements which they engage m much the 
same manner in which certain molecules w'hose structures differ but slightly 
from those of normal substrates are supposed to inactivate en 2 yme molecules 
which they engage 

However, more than the simple inactivation of the infecting virus particle is 
involved at these doses of irradiation, for irradiation of the host reduced the 
burst size of T2 This reduction m the number of virus particles liberated from 
those cells that produce some virus may be due to a decrease in the amount of 
certain intracellular nutnents required for multiphcation of the virus (Delbruck, 
1945) How ever, a reduction in burst size by a factor of three or more in going 
from nutnent medium (burst size = 120, Delbruck, 1946) to ammomum lactate 
medium (burst size = 30 to 40) leads to no measurable reduction in the chances 
of survival of adsorbed virus Since in our expenments the reduction of the 
chances of survival of adsorbed virus runs roughly parallel to the reduction in 
burst size, it seems possible that similar mechamsms may be responsible for both 
effects 


SUMMARY 

Cultures of Escherichia coli, strain B, were irradiated with ultraviolet hght and 
the rate of killing of the cells was determined The suitabihty of the irradiated 
cells as hosts for the bactenophage T2 was then follow^ed It was found that T2 
could multiply on the cells after they had received many lethal doses of irradia- 
tion However, increasing the preinfection dose of irradiation slowly reduced 
both the chances of survival of adsorbed xurus and the average number of active 
T2 particles liberated from those damaged cells that released some active virus 
Still more severe irradiation of the host eventually destroyed its ability to adsorb 
and inactivate virus 
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It IS postulated that m its proliferation the virus conjugates with a moieti 
of cellular elements that is distinct from the moiety requiied by the cell for its 
unlimited division The virus moiety is much less sensitive to irradiation tlnn 
the cellular moiety Damaged elements in the virus moiety are supposed to 
inactn ate virus elements which they engage m a manner similar to that in vhicli 
analogues of normal substrates are supposed to inactivate enz 3 Tne molecules 
v hich they engage 
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In a studj’’ of the antigenic relationships of Paracolobactrum,^ Stuart, Wheeler, 
cl al (1943) found that 48 per cent of 140 Paracolobactrum aerogenoides strains 
were identical or closely related to one or another of 8 of the strains used to pro- 
duce antiserums Fifty-three per cent of 40 Paracolobactrum intermedium cul- 
tures were identical with one or another of 6 strams used to prepare antiserums, 
and 67 per cent of 223 Paracolobactrum coliforme strams were identical or closelj' 
related to one or another of 13 strams used to produce antiserums These results 
mdicated that the mvestigation should be contmued 
In 3 years more than one thousand additional cultures compnsmg all three 
groups were mvestigated At this time certain conclusions could be drawn As 
the number of P coliforme strams mcreased, the percentage of cultures identified 
by the ongmal 13 antiserums decreased rapidly Sixty-five per cent of the first 
250 strams isolated were identified m these serums But only 46 per cent of the 
next 250 strams, and 19 per cent of the last 250 strains could be identified A 
similar situation was encountered m isolatmg and identifymg vanous strains of 
P aerogenoides Biochemical type 32011 (Stuart and Rustigian, 1943), an ex- 
ception to this observation, was encountered throughout the mvestigation 
In addition, it was observed that over a certam tune mterval a given serological 
type was isolated consistently from any one institution or group of mstitutions 
At a later penod, however, all types encountered, although antigemcally identical 
or closely related to one another, differed markedly from those isolated over the 
previous tune mterval The limits of each penod vaned with the type and with 
its source There w as also a certam degree of overlappmg among the types m- 

volved For example, all 100 strams of P coliforme (31611) were isolated m 
Providence, Rhode Island, or the imm ediate vicmity, between 1939 and 1944 
Smee that tune this t 3 T)e seems to have disappeared entirely Twenty-three 
strams of type 111 came from a smgle mstitution over a period of 3 j’^ears, bu^ 

‘ Borman, Stuart, and Wheeler (1944) proposed the term “Paracolobactrum” for that 
large group of organisms possessing physiological and serological characteristics common 
to coliform and Salmonella bacteria It was further suggested that the Paracolobactrum be 
divided into three sections or groups, P aerogenoides, P intermedium, and P coliforme 
For a more detailed description of these terms see the sixth edition of Bergey’s Manual of 
Determinative Bacteriology (Breed, Murray, and Hitchens, 1948) In order to correlate the 
terms used in the present work with those of the past (Stuart, Wheeler, etal , 1943 , and other 
publications), Paracolobactrum would be interpreted as paracolon, P aerogenoides as para- 
colon Aerobacter, P intermedium as paracolon intermediate, and P coliforme as paracolon 
Escherichia 
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this type was not encountered again after that penod On the other hand a 
single biochemical type occasionally persisted m one institution over penods’of 
several years In such instances, however, a succession of serological fjpes was 
usually encountered This "temporal and topographical antigenic contmuitj” 
was found also m EschencMa colt (Stuart and Carpenter, 1948) 

The number of new P intermedium isolates was small, but the percentage iden- 
tified m 5 of the 6 ongmal antiserums remamed high It was decided, therefore, 
to concentrate on this group to the exclusion of the other aerogemc PaTocolohac- 
irum groups 

All Paracohbacirum cultures isolated m the Flonda State Public Health Lab 
oratones and the Paracolobactrum cultures received at Brown Um\ ersify from 
state and municipal labora tones as far west as California totaled 1,957 in the j ear 
1946-1947 These cultures were isolated m the vanous laboratories on Salmon- 
ella- Shigella, Wilson-Blair, brilliant green, and eosm-methylene-blue agar The} 
were replated on eosm-methylene-blue agar, the least inhibitoiy of these four 
mediums, and a well-isolated colony was transplanted to an agar slant Strains 
selected for serological study produced acid and gas rapidly in glucose, maltose, 
and mannitol, almost always attached lactose slowly, seldom fermented sucrose, 
and frequently fermented salicm slowly They were motile, grew on citrate 
agar, and produced hydrogen sulfide They faded to produce mdole or acetjl 
methylcarbmol and were urea-negative m the medium of Rustigian and Stuart 
(1941) A few strains producmg acid but not gas m lactose m 24 hours were 
included m this mvestigation 

Of the 1,957 cultures obtamed, 765 or 39 per cent were selected for further 
study and were classified as P intermedium About 40 per cent of all Paracok- 
bactrum cultures isolated m Plonda were P intermedium, but only 5 to 10 per cent 
of Paracolobactrum from other areas were P intermedium These percentages 
have remamed fairly consistent m the areas mvolved over periods of from 2 to 3 
years and m the Rhode Island area for 10 years 

In general the biochemical reactions of these P intermedium cultures verc 
quite consistent An occasional stram faded to ferment lactose, many strains 
were anaerogemc m lactose and some required 60 days to attack this carboh}- 
drate Salicm, when positive, was attacked more slowly than lactose The 
great majority, however, produced acid or acid and a bubble of gas m lactose in 
from 3 to 9 days and m salicm m 1 to 3 weeks Large gas i olumes, 20 to 40 per 
cent, were seldom enemmtered m lactose and salicm Sucrose was fermented 
slowly by some strams Several strains produced lanants that utilized 
slowly or not at all A few strams yuelded variants that failed to produce H-S 
or produced it slowly Two strams produced mdole-positn e \anants, and an- 
other, an acetylmethylcarbmol-positive variant There was good anUgcnic 
agreement among strams producmg acid rapidly m lactose, among strains miimg 
to ferment lactose, and among strams fermentmg sucrose How e^ er, there w ere 
sufficient serological exceptions to render biochemical classification impra^icaJ 
iMoreover, some lactose-negative strams were trained to ferment lactose Occa- 
aonally sucrose-negative variants were obtamed from sucrose-positnc paren s 
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A large number of strains positn e in salicm when freshly isolated were negatn e 
on subsequent tests For the most part, platmg such cultures on ElVIB agar 
conhamiug salicin instead of lactose failed to establish sahcm-positive vanants 
A similar situation was found for Slugella alkalescens with respect to sucrose 
(Stuart and Rustigian, 1944) When defimte serological types were established, 
additional biochemical reactions Mere determmed on representative numbers of 
the different tjiies Table 1 shovs the biochemical reactions of the 12 most 
common tj-pes 


TABLE 1 


Btochemteal reactions of the IS most common serological types of Paracolobactrum 
intermedium encountered in the present worL 
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+ = rapid production of acid and gas 
+' = slow production of acid or acid and gas 
± = some strains positive and others negative 
TF = some strains weaklj positive and others negative 

As fast as new strains were isolated they were tested m 5 F intermedium anti- 
serums prepared m the previous work Serial dilutions of the antiserums rangmg 
from 40 to 40,960 were prepared Livmg sahne suspensions of 16- to 24-hour 
agar transplants served as antigens Results were recorded after 2 hours m a 
37 C water bath and agam after holdmg overnight m a 55 C water bath Certam 
advantages of this mcubation system over the conventional 2 hours at 50 C fol- 
lowed by an overnight penod at 2 C have been discussed m another report (Stuart 
and Carpenter, 1948) Of the first 150 strains tested, many gave strong reac- 
tions in antiserum 14011 and a few strains m antiserum 12611 An occasional 
stram reacted m 2 other serums but none reacted m the fifth serum Upon ad- 
sorption no stram was found to be antigemcally identical with any of the 5 used 
to produce antiserums From the results of these tests 15 cultures were selected 
for the preparation of additional antiserums After considerable exploratory 
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work 9 antiserums givmg the highest titere with the greatest number of strains 
were selected as “basic types ” Only one of the 5 onginal antiserums (14011) 
was mcluded m the nine Each of the 765 cultures was tested m the 9 basic 
antiserums In these tests 0 1 ml of a salme suspension of living antigen Mas 
added to 0 5-ml portions of 80, 640, and 5,120 dilutions of each antiserum Tubes 
were mcubated as previously descnbed 
Many definite antigenic patterns were established by the 9 basic antiserums 
Table 2 shows some of the more common patterns All strams having an anti 
genic pattern comparable to 5883, 9466, 13304, and 20158, etc , uero used to 
adsorb the antiserums of these respective strains Tiro hundred fort} -one 
strams were identified with the 9 basic antiseinms Other antigenic patterns 
were studied, and, when a sufficient number of strams showed a comparable pat- 
tern, an antiserum was prepared from one of the strains In this uny a total of 
34 antiserums was used to study this group of P intermedium organisms 
Of the 765 cultures, 453 or 59 per cent were antigenically identical Mith one or 
another of the 34 cultures used to produce antiserums Strains were called anti 
genically identical when they agglutmated to titer in an antiserum and removed 
all agglutmms upon adsorption They were considered closely related m hen the} 
agglutmated to titer and markedly reduced the titer upon adsorption The most 
commonly encoimtered type was 20158 (table 1) mth 99 strams This type Mas 
found m Rhode Island, Flonda, California, and elsewhere Sixty-seven strains 
of type 1805 (table 1) having the same somatic antigens as 20158 Mere also Midc 
spread Sixty-one additional strams, compnsmg 11 different serotjTies, pos 
sessed somatic antigens related to or identical with those of 20158 Therefore 
227 or 52 per cent of the identified strams or 29 per cent of all P inlcrmcdnim 
strains had the same or related somatic antigens On the othei hand, 312 strains 
or 41 per cent of the total could not be identified by any of the 34 antiserums, 
although many of the 312 strams were closely related to one or another of the 9 
basic strams used to produce antiserums Moreover, despite the fact that 140 
strams possessed the antigenic pattern of S-519 (table 2), only 16 Mere identical 
Muth S-519 Five more antiserums were prepared from cultures in this group, 
but only 50 or 36 per cent of the 140 strams Mere identified in these G antiserums 
Thirty-two strams faded to agglutmate m any of the 9 basic antiserums ev on 
when tests Mere repeated m a dilution of 20 Twent 5 '-fivc of these constituted 
the only group that rapidly produced acid m lactose An antiserum prtpire 
from one of the 25 identified 13 strams, an antiserum prepared from another 
stram identified 2, and an antiserum from a third identified onl} its homologous 
stram 


DISCUSSION 

The general antigenic relationships of 765 strams of P inlcrmrdium Mere deter 
mmed in the present mvestigation Flo attempt Mas made to =et up a dngnoi ic 
tjTiing scheme Typmg systems are a great aid m diagnostic bactcnolog} but i 
earned too far may unpede progress m the field as a Mhole Like the Cohn Ivor i 
dogma of monomorphism they tend to create a false impre==ion of scfu^t^ an 



TABLE 2 

Aniigentc paClern of selected Paracolobaclrum tnlcrmcdtum strains in the nine basicanliscrums 
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finality Studies involving the unrestncted use of single factor serums probabli 
err as much by missmg important relationships as the unrestncted use of whole 
antiserums confuses the issue by uncovenng too many unimportant relationships 
Card (1937), Gard and Encson (1939), Schiff, Bomstem, and Saphra (1941), 
Wheeler, Stuart, et al (1943), and many others found labeled H and 0 Salmonella 
antigens m colifonn bactena Stuart, Wheeler, et al (1943) found a number of 
coliform cultures agglutmatmg to high titer, occasionally to the homologous titer, 
m whole Salmonella antiserums These cross reactions were due to unlabeled 
antigens that m a study of taxonomic relationships could be as important or more 
important than labeled antigens 

The 34 strams used to produce antiserums, tested in Salmonella smgle factor 
serums with the shde test, showed no significant cross reactions 

Previous to the present work, Edwards, West, and Bruner (1948) made an 
mtensive study of 32 P intermedium cultures isolated m four outbreaks of gastro 
ententis Agglutmation and adsoiption tests established 4 groups of 0 and 5 
groups of H antigens The 32 cultures were divisible into 8 t 3 T)es For conven- 
ience these mvestigators called their strains the "Bethesda” group Dr Ed- 
wards kindly furnished us -with unadsorbed Bethesda antiserums and their 
homologous cultures Agglutmation and adsorption tests mth the Bethesda 
cultures and antiserums and the 9 basic cultures and antiserums of the present 
work revealed that 3 of the 9 basic cultures, mcludmg stram 20158, were identical 
•with one or another of the Bethesda cultures AH of the 6 remammg basic 
cultures were related antigemcally to the Bethesda strams Ob-vuously a very 
high percentage of the 765 cultures studied m the present work belonged to the 
Bethesda group 

The hope that P intermedium cultures would show marked antigemc continu 
ity irrespective of the time and place of isolation was not realized completel) 
Only one of the 5 antiserums (14011) prepared m 1939 was of real value in the 
present work Although a number of strams were related antigemcally to 14011, 
only one stram was identical -with it Among the first 100 Paracolobactnim cul- 
tures isolated m Flonda were 21 P intermedium (type 9466) strains (table 2) 
Sixteen of the 21 strams came from normal children m one institution and the 
remamder from different sources This type was not encountered again in 
Flonda nor was it found m any other part of the country Therefore there is 
some temporal and topographical antigenic contmuity m P intermedium, but it 
seems much less inark^ than m the other Paracolobactnim groups or the coliform 

groups , , 

P aerogerundes and P cohforme cultures for the most part can be distmguisiiCQ 
easily from Salmonella by positive Voges-Proskauer and mdole reactions, rcspec 
ti\ el}’-, m 24 hours or less Most P intermedium cultures cannot be differentiate 
from some Salmonella species by biochemical reactions for several days or more 
The nuisance value of the P intermedium group far exceeds that of the other 
Paracolobacirum groups Holdmg lactose, sucrose, and sabem tubes until one 
or another is positive may cause prolonged delay m "reportmg out” the cm urc, 
whereas runnmg any considerable number of these cultures in Salmonella t}T)mg 
serums results m a waste of time and expensive t}T5mg serums 
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^ytliougli P intermedium organisms, mcludmg the Bethesda group, doubtless 
can cause acute gastroenteritis of varying duration, on the whole their patho- 
genicity does not seem very great For every type isolated from gastroententis 
patients a greater number of the same type, where significant numbers were in- 
volved, were isolated from normal individuals in food handler and mdustnal 
surveys Tlie antigens of certam Bethesda types because of their wide distnbu- 
tion and frequent occurrence, if for no other reason, might well be mcluded m 
some diagnostic typmg scheme How extensive and mclusive such a scheme 
should be must depend to some degree on further mvestigations 
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CONCLUSIONS 

Of 765 strams of Paracolohaclrum intermedium, 453 or 59 per cent were anti- 
genically identical with one or another of 34 strains used to produce antiserums 
Two hundred twenty-seven strains, 52 per cent of the 453 identified or 29 per 
cent of the total of 765 strams, possessed the same or closely related somatic 
antigens Antigemc contmuity appears to be much greater m the Paracoldbac- 
trum intermedium group than m the Paracolobactrum coliforme and Paracolobac- 
irum aerogenoides groups Although strains of P intermedium doubtless can 
cause acute gastroenteritis, the group as a whole does not present a serious public 
health problem 
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Several years ago in this laboratory an unusual t 3 T)e of agglutination was en- 
countered in an investigation of the serology of Shigella alkalescens On occa- 
sions a certain strain of S alkalescens in homologous antiserum after 18 hours at 
55 C showed the usual type of 0 agglutination mth heavy compact granules 
on the bottom of the tube and crystal-clear supernatant fluid The granules 
were altered onlj’- slightly when the tubes were shaken vigorously On other 
occasions, however, this same stram m the same antiserum and under the same 
conditions of mcubation gave an entirely different type of agglutmation The 
supernatant fluids were somewhat turbid and a soft mass of adherent cells lay 
on the bottom of the tubes When the tubes were flirted gently, threads of 
agglutmated bactena spiraled upwards Upon vigorous shakmg the threads 
either broke up mto fine visible particles or dismtegrated mto even finer particles 
that were mvisibly dispersed m the supernatant If, after the shakmg, a test 
was mcubated agam at 55 C for several hours, the same type of agglutmation 
occurred In protocols the first type of agglutmation descnbed above was re- 
corded as “0” (granular) and the second “T” (thready) A culture exhibitmg 
the T reaction might agglutmate to the somatic titer of its homologous antiserum 
or might fall short by one to four dilutions 
Personal communications revealed that other mvestigators workmg with 
entenc bactena had encountered occasionally “mucoid,” “slimy,” or “strmgy” 
reactions comparable to the T type of agglutmation 
The T t 3 pe of agglutmation was found m a few Paracoldbactrum, type 29911, 
Proteus reitgen strains, and m coliform and Salmonella ballerup strains with 
and without Vi antigen In cultures exhibitmg V to W vanation, T agglutma- 
tion was much more pronounced with V forms Thus T agglutmation m some 
mstances may be correlated with the Vi antigen 

Because of the pressure of other mvestigations and the infrequency of T 
agglutmation the reaction was not studied further although the practice of 
recordmg 0 and T agglutmation m protocols was contmued In a recent 
serological study of 765 strams of Paracoldbactrum intermedium the T type of 
agglutmation was the rule rather than the exception (Stuart, Galton, and 
McGann, 1948) 

The mcubation temperature of agglutmation tests was very important m 
this work Most S alkalescens strams and some other nonmotile cultures that 
gave little or no agglutmation of any kmd after 2 hours at 50 C and 18 hours at 2 
C showed perfect 0 or T agglutmation after 2 hours at 37 C and 18 hours at 55 C 
Actively motile strams of P intermedium, such as stram 20158 (Stuart, Galton, 
and McGann, 1948), gave excellent H reactions after 2 hours at 37 C and perfect 
T reactions after 18 hours at 55 C (table 1, A) These strams, mcludmg 20158, 
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showed good H agglutination after 2 hours at 50 C but httle or no T agglutination 
after 18 hours at 2 C Smce T agglutination aided in typing some strains of P 
intermedium, the nature of T agglutination was studied 
Saline suspensions of cultures showing T agglutmation WBre heated in a 
boiling water bath for 2 hours or less, T reactions were eliminated and 0 agglu- 
tmation was restored This would mdicate that the substance responsible for T 
agglutmation was thermolabile, m agreement with Felix and Pitt (1934) and 
many others who, on the same evidence, assumed that the Vi antigen was 
thermolabile However, Stuart and Kennedy (1948) showed that heating the 
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Aggluitnalton of 20168 antigen in 20168 antiserum 
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A = normal 20158 antigen in 20158 antiserum (control) 

B = heated 20158 antigen in 20158 antiserum to restore 0 agglutination 
C = antiserum 20158 diluted in saline or alcohol extracts of culture 20158 
D = antiserum 20158 adsorbed with culture 14011, which gave T agglutination in 14011 
antiserum but did not agglutinate in 20158 antiserum 

4, 3, 2, 1,±, — = degrees of agglutination from complete to negative 
B S and A S = before shaking and after shaking, respectively 


Vi-positive cultures to 99 C or higher dissociated the Vi antigen from the cell 
but the antigen m question was not destroyed In the present work hear} 
salme suspensions of P intermedium, 20158, which gave excellent T agg^utwn 
tion, were heated to 99 C and higher for 2 5 hours After centrifugation t le 
supernatant fluid was removed and the packed cells were washed m es inc 
The heated washed cells yielded only O agglutmation m 20158 antiscmm (tabic 
1, B) To detemune the effect of the supernatant fluid of heated 2015S upon 
agglutmation the foUowmg tests were set up Antiserum 20158 was diluted 
senally from 40 to 40,960 m the supernatant fluid The same dilutions ma c 
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With the antiserum in salme served as a control To both sets of dilutions 
saline suspensions of antigen 20158 were added After 2 hours at 37 C both 
tests showed H reactions, after 18 hours at 55 C the tests m saline (control) 
shoved T, whereas the tests in the supernatant showed only 0 agglutmation 
(table 1, C) It was evident that some thermostable substance m the supernatant 
fluid of heated 20158 culture inhibited T reactions and restored 0 agglutmation 
Heated and unheated alcohol-soluble, salme-soluble eictracts of culture 20158 
(for details of preparation see Stuart and Kennedy, 1948) also showed inhibition 
of T agglutmation 

Salme and alcohol extracts of one serotype of P intermedium inhibited T 
agglutmation and restored 0 agglutmation to many other serotypes of this 
group of orgamsms Moreover, extracts of most P intermedium cultures show- 
mg T reactions inhibited T agglutmation m S alhalescens, Escherichia coli, 
type 29911 (Stuart, Wheeler, and McGann, 1946), and other cultures showmg 
T reactions It was evident, therefore, that the substance that inhibited T 
agglutmation was common to cultures of the family Enteroibactenaceae that were 
otherwise antigenically unrelated 

All salme and some alcohol extracts completely inhibited T reactions as shown 
m table 1, C Most alcohol extracts restored perfect 0 agglutmation m the lower 
dilutions of the antiserum, followed by a transitional t 3 T)e of agglutmation m the 
mtermediate dilutions, with perfect T reactions m the higher dilutions This 
t 3 T)e of reaction was recorded as “0-T” (granular to thread) 

Adsorption of 20158 antiserum by a few serologically unrelated organisms 
that gave T reaction completely restored 0 agglutmation to the adsorbed anti- 
serum (table 1, D) Adsorption by other organisms that gave T agglutmation 
resulted m an 0-T type of reaction 

Smee Wilhams, Bloor, and Sandholzer (1939) found that phosphohpids con- 
stituted a major portion of the lipid extracted from bactena by alcohol, a 2 per 
cent suspension of lecithm was used to mvestigate the inhibition of T agglutma- 
tion Although not so efficient as alcohol extracts of P intermedium, lecithm 
showed marked inhibition of T agglutmation but always gave an 0-T reaction 

T agglutmation m P intermedium cultures was frequently associated with 
the opaque and translucent colony variation Cultures from opaque colomes 
of any one stram gave only T agglutmation, but cultures from translucent 
colomes of the same stram gave characteristic 0 reactions 

Livmg and heated suspensions of cultures exhibitmg T agglutmation failed to 
react m antiserums prepared from two cultures possessmg alpha antigen or m 
antiserums agamst several cultures contammg Vi antigen (The alpha anti- 
serums were prepared by Dr K M Wheeler, deceased, Connecticut State 
Department of Health, Bureau of Laboratories, Hartford, Connecticut ) How- 
ever, alcoholic extracts of cultures exhibitmg T agglutmation fixed complement 
m the presence of antiserums made from alcohohe extracts of Vi-positive cultures 
The relationships established by alcoholic extracts of the cultures m question 
and antiserums prepared from such extracts are obscure and confusmg and 
should be studied further Possible relationships between cultures showmg T 
agglutmation and the K antigens of Kauffmann (1947) were not mvestigated 
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DISCUSSION 

The T type of agglutination encountered m this work definitely seems to be 
another form of so-called “0-magglutmability ” There is probably more than 
one antigen or substance concerned in T ag^utmation, but detailed studies on 
this pomt were not undertaken Furthermore the term T agglutination is one 
of convenience and no taxonomic recommendation is implied 

The antigen mitiatmg T agglutination belongs to the general group of an 
tigens that confer some form of 0-magglutinability upon cultures containing 
them This antigen is found in many P intermedium cultures and occasional!) 
in other members of the family Enterobactenaceae In this category belong the 
Vi antigen of Felix and Pitt (1934), the alpha antigen of Stamp and Stone (1911), 
the K antigens of Kauffmann (1947), and the T antigen One or another of 
these antigens is found in strongly encapsulated cultures, m other cultures that 
are weakly encapsulated, and m still other cultures that do not appear to liaic 
capsules When cultures are heated, 0-agglutinability is restored to those pos 
sessmg the above-named antigens, but generally the temperature requiicd to 
restore 0 agglutination mcreases with the degree of encapsulation In certain 
mstances all of the specified antigens, particularly the Vi, are associated with 
the raised opaque, rather than the flat translucent, colonial form 

Judging from studies in this laboratory of the serological relationships of 
thousands of cultures m the family Enterobactenaceae, the number of antigens 
confemng some form of 0-magglutinabihty could be expanded rapidly if it 
seemed desirable This group of antigens is important m studying serological 
relationships and m diagnostic work because they tend to obscure homologous 
and heterologous somatic reactions The use of heated antigens will avoid most 
of the difficulty, but it must be remembered the degree of heat required to produce 
the best results is not the same for all these antigens 


CONCLUSIOAS 


Thread agglutmation is a manifestation of O-inagglutinability Cliarac 
tenstic 0 agglutmation is restored by heating antigens that gi\e T reactions 
The substance responsible for T agglutination is thermostable, easily dissociate 
from the cell, and seems to be associated with a phospholipid constituent of the 
cell 
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A review of the genetic hterature on chemically mduced mutations would 
include man}'- references extendmg back for over thirty years to the pioneer 
studies of T H Morgan (1914) The earlier studies were either negative or 
inconclusive Unequivocal demonstration of a powerful chemical mutagen 
was not made until a group of geneticists workmg m England dunng the recent 
t\ar began mvestigatmg the effects of mustard gas (Auerbach et al , 1947) 
By means of the CLB test Auerbach and her colleagues were able to show that 
se\-lmked lethals m Drosophila were mduced -with a frequency comparable to 
that previously attamed only -with short-wave high energy radiation Sub- 
sequently nitrogen and sulfur mustards were successfully employed to mduce 
genetic changes, these compounds ha-vmg the general formulae 0 (CH 2 CH 2 
S CHaCHoCl),, CHaNfCHs CH2C1)2, and N(CH 2 CH2C1)3 Their biochemical 
properties are thought to depend on mtramolecular cychzation to form onium 
cations of high reactmty and possessing the ability to alkylate many cellular 
constituents Possibly the alkylation of nucleoprotem through carboxyl or 
ammo hnkages is attamed The reactivity of enzymes, particularly phospho- 
kmases, with mustard compounds and the inhibition of oxidative and glycolytic 
mechamsms by ethylenimomum and sulfonium cations emerge as well-estab- 
lished biochemical properties A smgle site of action or specific substrate in 
all probability does not exist for these highly reactive substances, and geneticists 
are compelled in the present state of limited knowledge to use the mustards 
empmcaUy as chemicals capable of producmg a large number of diverse bio- 
chemical changes m the cell Among these changes we may mclude mutations 
m microorganisms (Horowitz et al , 1946, Tatum, 1947) 

Histoncal retrospection m the field of mduced mutation reveals that a suitable 
method for the demonstration of mutants is at least as important as choice of 
an appropriate mutagenic agent Muller’s contribution of the CLB techmque 
in Drosophila and more recent analogous techmques form the keystone to all 
studies of mutation frequency m this organism Controlled studies of mutation 
frequency m bacteria by measurmg the rate of change to bacteriophage resistance 
represent use of but one of a vanety of criteria available to the bactenologist 
mterested m genetic modifications (Luna, 1947) Phage resistance affords a 
method at least as simple as the use of altered enzyme specificities or biochemical 
growth requirements to measure mutation frequency 
In addition, the work of Demerec and Latarjet (1946) with X-rays and ultra- 
■violet light as mutagemc modifiers of mutation rate to phage resistance proi'ides 

' This work was supported by a generous grant from Sohenley Laboratories, Inc 
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an interesting paraUel to related studies with chemicals Therefore i\e ha\c 
chosen the effect of mtrogen mustard on mutation to phage resistance in Eschm 
chia coll as the subject for mvestigation, 

JIATERtAiS AND METHODS 

The strams of bactenophage employed were T1 and T2, m the nomenclature 
of Demerec and Fano (1945) Stram T2 served m testmg for contammants bi 
the method that these authors have descnbed Fourteen stocks of radiation 
resistant E coli (B/r) were obtamed from Dr E Witkm Of mdependent 
ongm, the B/r strams were known to be identical m their degree of resistance to 
X-rays and to ultraviolet hght (Witkin, 1947fl) A normal nonmotile stram of 
E coll, designated as B, was the stock from which all cultures vere ongmallj 
denved 

The method employed m testmg for mduced mutation by chemical agents 
consists of two essential components (1) detection of any change m the relatne 
proportion of phage-sensitive to phage-resistant cells after exposure to a chemical, 
and (2) test to determme whether any shift m the relative proportions of phage- 
sensitive cells is due to differential susceptibihty of resistant and sensitnc in- 
dividuals to the chemical agent imder analysis as a potential mutagen Tlic 
actual procedure utilized m detectmg alterations of relative proportion m ecd'i- 
tive cells (B) to cells resistant to the phage Tl mvolves imtially the preparation 
of a culture contammg low numbers of the resistant mutants Since resistance 
is to phage Tl, resistant cells are conventionally descnbed as B/1 For sim- 
plification, mutants descnbed in this investigation as B/1 mclude tvo classifi 
cations cells resistant to Tl only (B/1), and cells becoming simultaneously 
resistant to Tl and T5 (B/1, 5) The preparation of stocksproceeds as follows 
One-tenth ml of a 10~® dilution obtamed from a 24-hour, aerated, low back- 
ground nutnent broth culture is used to inoculate 8 to 10 flasks containing 150 
ml of medium The inoculum will contam approximately 2 X 10’ sensituc or- 
ganisms, with a low probability that any resistant cell is earned m one inoculation 
After forced aeration at 37 C for 24 hours the series of inoculated flasks will be 
found by dilution assays to contam approximately 2 X 10* bactena per ml 
By the platmg of undiluted 0 I-ml aliquots from each culture on nutnent agar 
previously spread with 0 1 ml of undiluted phage Tl all sensitive cells are Ijscd 
Thus only B/1 cells remam to form colonies on the agar surface The propor- 
tion of B/1 to B IS obtamed by comparmg for each mdividual culture the num- 
ber of B/1 colonies obtamed with the titer as detennmed by dilution assaj on 
unphaged plates This proportion is defined as the background For exam- 
ple, if a culture contains 3 5 X 10’ bactena per ml and 35 colonies appear 
from a 0 1-mI sample plated in the presence of Tl, we may say that the bac - 
ground is 10 B/1 per 10* 

An obnous aid m studies of mutation is a low number of mutants spontane^ 
ously present m the culture to be tested A low background number o* le^ 
than 20 B/1 per 10* is obtamed only when mutation of B to B/1 occur rare } 
m the growth of a culture and late enough m the growth phase so that dc'c^n - 
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ants of the mutated cells do not eventually constitute a large proportion of the 
saturated population In an actively growing broth culture spontaneous muta- 
tion of B to B/l occurs with a frequency m the order of 1 per 10* The occasional 
appearance of spontaneous mutants m the early growth of cultures mevitably 
provides a proportion of high background preparations that are discarded as 
unsuitcd for the desired experimental purpose 
Low background cultures are centrifuged, and the sedimented cells from 
several mdependent broth preparations are pooled to provide at least 3 ml of 
cells Five-tenths ml of the sedimented cells are added to an equal volume of 
salme and 1 ml of broth, givmg a total volume of 2 ml with a titer of 2 to 5 X 
10'® per ml This sample is assayed to detennme exact titer and backgroimd 
The addition of salme and broth assumes a meanmg when we compare the assay 
titer and background with the remammg aliquot of cells obtamed by the ongmal 
centrifugation and set aside for experimentation This remaining ahquot imder- 
gocs a dilution correspondmg to the sample employed for determmation of titer 
and background Tlie first dilution occurs when an equal volume of buffered 
nitrogen mustard is added to the cell suspension The matenal is then mcubated 
at 37 C for 1 hour A later dilution takes place at the tennmation of chemical 
treatment by the addition of a quantity of chilled nutnent broth equal to the 
combmed volume of cells and salme In each ahquot the cellular suspension 
thus constitutes 25 per cent of the total liquid volume OngmaUy, addition of 
broth to the experimental preparation was mtended to retard the reaction 
between cells and chemical by dilution and by reduction of the temperature 
from the experimental level of 37 C Later it was foimd that, when cells have 
been mcubated at 37 C with 0 1 per cent nitrogen mustard for 1 hour, the reac- 
tion between chemical and substrate has proceeded at a decelerated rate to a 
pomt where further exposure produces insigmficant change m survival 
Determination of zero-point mutations Following treatment it is necessary 
to detennme the extent of killmg Eoutme assay tubes are set up at dilutions 
of 10“-, 10"*, and 10“*, providmg an mdex of survival by subsequent platmg 
One-tenth ml of the chemically treated cells is then placed on each of 20 nutnent 
agar plates that have been previously prepared by the surface spreadmg of 0 1 
ml of undiluted Tl phage After mcubation of the plates mtended for assay 
it IS possible to determme the number of viable cells per ml following chemical 
treatment The quantity of viable cells plated on 20 phaged nutnent agar 
plates must correspond to twice the assay number (0 1 ml X 20) The number 
of B/l cells IS determmed directly by countmg the colomes on phaged plates 
following their mcubation, permittmg the calculation of B/l per 10* survivors 
A companson may then be made of the proportion of B/l per 10* cells before and 
after chemical treatment Simple subtraction of the background number from 
the final relative number of resistant cells provides a direct mdex of mutation 
mduced m the nondividmg cells dunng chemical exposure, providmg selection 
is ruled out by the necessary experiments to be conducted concurrently For 
example, if a stock contammg 3 B/l cells per 10* as background is treated by a 
chemical known to be nonselective, with a final proportion of 250 B/l per 10* 
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chemically treated viable organisms, the number of induced mutants is 250 
minus 3, or 247 B/1 per 10* ceDs In experiments with radiation Demcrec and 
Pano (1945) descnbed the mutations that occur in nondividing cells as zero 
point mutations Refrigeration of all cells at 12 C for at least 12 lioun, pnor 
to experimental use ensures the absence of cell division dunng 1-hour exposure 
to the chemical and places mutations attained by this technique in the catcgoi) 
of zero-pomt mutants 

Delerminahon of delayed mutations By a supplementary method the class of 
B/1 known as delayed mutations may be obtamed Such mutations appear 
m the descendants of treated cells with a frequency greatly exceeding the spon 
taneous rate of occurrence They are thought to result from labile modifications 
of genetic structure requirmg the intervention of one or more cell dnisiona 
before expression Delayed mutations are obtamed by allowing treated cclh 
to multiply on unphaged plates for suflScient time to extend beyond the stationai} 
phase (4 to 6 hours) Assay for total cell number is then made by m ashing cells 
carefully from the agar surfaces, with dilution at vaned levels to proi ido an 
estimate of total cell number attamed by mcubation from the origmal treated 
0 1 ml spread on the plate Another senes of plates is phaged by exposure to Tl, 
aerosolized from a commercial nebulizer (DeVilbiss no 40) Aerosol axoids 
disturbance of bactenal colonies which must remain in silu for accurate deter 
mmation of delayed B/1 mutants Each colony that appears after delayed 
phagmg represents either a zero-point mutation or a mutant that appears dunng 
the reproduction of sensitive cells through division If the number of zero point 
mutants has been determined m another senes of plates, the delayed mutants 
may be denved by comparmg the number of additional mutants xvith new cells 
ansmg dunng the mcubation period and assayed by unphaged controls (Demcrec 
and Latarjet) 

One advantage of the technique for determmmg delayed mutations is that 
selection cannot play a role m the expenmental result All delayed mutants 
must have ansen de novo since they represent a number larger than the total 
number of phage-resistant cells (B/1) available for selection to act upon, as 
revealed by the total number of colonies present on plates phaged v ithout pnor 

mcubation . 

Achviiy of meihyl-his {bela-chloroelhyl)amine hydrochlonde as retail'd to V'‘ 

It IS known that aqueous solutions of the salts of nitrogen mustards arc aci 
and relatively stable At physiological hydnon concentrations the solution 
becomes highly reactive nith rapid union of the ethylemmonium cation ant] 
ax ailable anionic groups It has been a routine procedure to buffer the chermea 
pnor to the addition of bactena Reaction betn ecn nitrogen mustard and bu ler 
will rapidly utilize axailable ethylemmonium cations, as will reaction i hh 
solvent Consequently, the buffering of an aqueous solution of methj l-b!=(t)f a- 
chloroetbyI)amme hydrochlonde, or H2s-2, by NajHPOi results in a xerj rap 
alteration m the toxicity of the solution Since any test for mutagenc-i-s require’ 
some measure of control oxer toxicity of the mutagenic agent, an mxcstigatro 
of the effect of NaiHPO< on H:N'-2 assumes significance Addition of 8 m i 
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m/4 Na2HP04 to 2 ml of 1 per cent HN-2 results m a rise of pH from 4 5 to 6 8 
Addition of equal volumes of this freshly prepared 0 2 per cent buffered HN-2 to 
a cell suspension with subsequent mcubation at 37 C for 1 hour gives a survival 
rate of 1 3 per 10^ If the buffered HN-2 is not added to another sample of 
cells until 5 minutes after the addition of buffer, the survival value becomes 1 X 
10® per 10® The leduced physiological activity of buffered HN-2 dependent 
upon elapsed time before the addition of cells is represented graphically in figure 1 
It IS apparent that the toxic effects of HN-2 m buffered solution decrease at a 
decelerating rate with time and that after 15 mmutes’ contact with buffer only a 
minor residual toxicity remams The earlier experiments conducted in this 
study were made without knowledge of this fact, accountmg m part for vanations 
in the degree of killmg obtamed by identical concentrations of buffered HN-2 



Figure 1 Efifect of aging HN-2 in buffer before addition to E coli 

INDUCTION OF HN-2 RESISTANCE IN E COLI STRAIN B 

Prelimmary experiments established the fact that no unequivocal mutagenic 
effect of HN-2 on stram B is demonstrable at concentrations of 0 005 or 0 04 per 
cent with 1-hour exposure at 37 C At the higher concentration survival was 
reduced to 0 04 per cent, yieldmg only two colonies m 20 plates (vol 2 ml of 
treated cell suspension) The obvious method of attemptmg to mcrease the 
proportion of delayed mutants (elimmatmg selection) by mcreased concentration 
or time of exposure was made impractical by the extreme toxicity of the com- 
poxmd Smce strams of bactena resistant to toxic agents may be obtamed by 
the selection of mutant cells, the possibility anses that the production of a stram 
of E coh resistant to HN-2 would allow higher concentration of the chemical 
to be employed m tests for mutagenesis Several strams of mustard-resistant 
E coh were produced by seedmg ca 2 X 10® cells m petn plates, which were then 
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ffled with 10 ml of proteose no 3 agar at HN-2 concentrations ranging from 
0 1 to 0 4 per cent One colony from the plate having the lowest number of 
survivors was picked to provide a new stram of cells Strains ha\ e been dcsig 
nated as B/Ml, B/hl2, B/M12, thenumencal notation indicating the number 
of exposures to His' -2 precedmg the isolation of a particular mustard-resistant 
stock Thus stram B/M12 was derived from B/Mll Increase in resistance to 
HN-2 was found to occur progressively and is not an all-or-none phenomenon 
A companson of different strams of H coh exposed to HN-2 is presented m 
table 1 

TABLE 1 


Restsiance of B coh strains to HN-2 


STB AIN 

STEDING 

COLONIES AT \ABIEP CX>\CrSTStA710\S Of HJs 2 

0^5 

03 

1 0 23 

0 12 

0 15 

01 

0 05 

ocir. 


Bact per 0 5 , 


ijHHH 








r-l 









B 

2 X 10® 

— 



41 

557 


>10' 

>10' 

B/Ml 

3 X 10’ 

— 


10 

4,100 

>10* 



— 

B/M2 

4 X 10’ 

— 

1 30 

1 215 

>10* 

>10* 

>10' 

— 

— 

B/M7 

1 X 10’ 

202 

4,500 

' >10* 

! >10* 

1 

— 

— 

— 

B/r* 

1 X 10’ 

22 

1,500 

>10* 

>10* 

— 

— 

— 

— 


* Radiation resistant 


TABLE 2 

Induction of phage-resistant mutants of B/Mt2 hyOl per cent HN-2, aged three, tiro, and ore 


minute in n/B NotHPOt before addition to cells 


m CEKT STOVrVAL 

AGE or BOTTEEED HN 2 

SEEI7D.C 

ZX20 FOOT IrtTA STS 

0 9 

min 

3 

1 

9 2 X 107 

1 1 X 10' per 10> 

0 007 

2 


2 4 X 10 per 10' 

0 0004 

1 

1 5 X 10' 

2 3 X 10’ per 10’ 


It IS apparent that strains exposed to HN-2 should provide through selective 
mechanisms a form smtable for further studies of mutagenesis, permitting higher 
concentrations of HN-2 to be used Although a high degree of resistance v'ss 
attamed m stram B/M7, transfers and selection of sun-nving colonies were con 
tmued to denve stram B/M12, which was used for further study HN-2 nas at 
the same time found to be relatively nontoxic to a radiation-resistant stram 
(B/r), an observation extended by additional expenmentation (Brj'son, 194/) 
Mulagemc effects of HN-2 on B/M12 A 0 1 per cent solution of HN'2 w 
m/5 Na;HPO< was selected as the optimum concentration for tests of induce 
phage resistance b 3 ' mutation of B/iVll2 to B/M12/1 The toxicitv' of HN-2 

varied by allowmg different mtervals of time to elapse before cells were add" 
to the buffered chemical A summan' of three experiments is given m table 
Expenments were conducted by seedmg 20 phaged plates, each with 0 m 
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of HN-2-treated cells Chemical treatment was for 1 hour at 37 C It is 
obsened that the proportion of zero-pomt mutants mcreases with decreased 
sunuval To i\hat extent this is a real and not an apparent mduction of muta- 
tion depends on the relative sensitivity of B/M12 and B/M12/1 to HN-2 Sup- 
plementaiy experiments show that the phage-sensitive stock is more resistant 
to HN-2, elimmatmg the possibihty of selection m the mterpretation of data 
presented in table 2 Delayed mutation where selection is not a factor gave 370 
delayed mutants per 10* at 0 007 per cent survival with 8 3 cell divisions, and 
440 per 10* at 0 9 per cent survival with 2 2 cell divisions The rate of induced 
and spontaneous mutation falls off m cell divisions followmg a stationary phase, 
bemg highest m the first division 

Resistance of B/M12 to vliratnolet light The effect of nitrogen mustard on 
cells and tissues has often been compared to that of short-wave radiation An 
mterestmg question therefore anses Is stram B/M12 more resistant to radiation 
than the normal B cells? The question was mvestigated by exposmg cells spread 
over the surface of nutnent agar plates to the emanations of a G E mercury 
I'apor arc lamp There can be no doubt that HN-2-resistant strams are also 
resistant to the lethal effects of ultraviolet light Five of the numerous ultra- 
violet-resistant strams provided through the courtesy of Dr E Witkm vere 
tested simultaneously There appears to be no significant difference between 
HN-2 and radiation-resistant stocks (B/r nos 34, 14, 23, 32, and 37) 
Simultaneous protection against the toxic properties of both ultraviolet and 
mtrogen mustard through mutation suggests a common biochemical effect of 
these two agents The similanty m resistance is shown graphically m figure 2 
Survivors per 10* cells are indicated by the ordmate The common pattern of 
resistance has been discovered independently by the Itahan geneticist, L 
Cavalh (1948) 

Reciprocal relationship of resistance to HN-2 and radiation The demonstration 
that strains of E coli resistant to HN-2 also resist the toxic effects of ultraviolet 
hght suggests that the protective mechamsm may be identical Theoretically 
four alternative situations might exist HN-2 resistance and radiation resistance, 
HN-2 resistance and radiation sensitivity, HN-2 sensitivity and radiation 
resistance, and sensitivity to both agents If HN-2 resistance and radiation 
resistance are identical or coupled, only two states may prevail, either resistance 
or sensitivity in toto As a test for the four alternative states, nutnent agar 
plates were spread with approximately 10* cells of eight representative bactenal 
strams One-half-mch disks of filter paper were placed on each side of the petri 
plates after saturation with 0 03 ml of 0 25 per cent HN-2 One side of each 
plate, mcludmg a disk, was then shielded while the remaimng surface was ex- 
posed to 50 ergs/mmVsecond of ultraviolet hght After 5 hours of mcubation 
at 37 C the exposed half-plate was agam irradiated at 1,800 ergs (double irradi- 
ation technique of Witkm) The diagram shown m figure 3 gives the four 
possible consequences of experimental treatment Crosshatched areas mdicate 
the portion of plate shielded from radiation As shown m figure 3, only two 
categones of plates were found Cells resistant to HN-2 as revealed by the growth 
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One of the HN-2-resistant strains was also phage-resistant — ^B/M12/l 
Zones of mliibition surrounding the paper disks averaged 5 mm m width, meas- 
ured radiallj’’ from the disk border A few resistant colomes could be found in 
HN-2- and ultraviolet-inhibited zones, but in msuflScient quantity to affect the 
^ alidity of the test 

As a further procedure, representative strams were moculated from slants 
mto nutnent broth and aerated at 37 C for 24 hours Cultures were then added 
to petn dishes at a dilution of 10^ m 0 5-ml quantity Exactly 10 ml of pro- 
teose no 3 agar contammg vaned concentrations of HN-2 were then mixed in 



Figure 4 Relative resistance of normal, radiation-resistant, and HN-2 resistant strains 
of E coll to methjl-bisCbeta cbloroetbyOamine bjdrocbloride 

each moculated plate with the bactenal suspension and mcubated Control 
plates were moculated simultaneously, yieldmg an average number of 680 bac- 
tena per plate Thirteen mdependent radiation-resistant stocks showed 2 to 
77 survivors at a concentration of 0 1 per cent HN-2 Stock B/M12 yielded 7 
survivors (colonies) No cells of stram B survived a concentration of 0 025 per 
cent HN-2 

It IS concluded that aU 14 radiation-resistant strains are able to grow m con- 
centrations of HN-2 that inhibit the growth of the normal B stram If a larger 
quantity of normal cells are used, some survivors may be found m plates con- 
taimng 0 025 per cent HN-2 (30 survivors m 94 000) 

To perform an experiment analogous to the ultraviolet exposure data pre- 
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sented m figure 2 it was necessary to determine the required inoculum size to 
yield a countable plate after treatment of cells with high concentrations of HN 2 
m proteose no 3 agar After considerable experimentation, killing limits were 
determmed for vaned concentrations and the resultmg data are given in figure f 
Because HN-2 loses its toxicity with time after addition to proteose no 3, the 
experiment was duplicated reversing the order in which BN-2-containing media 
were added to the different strams of cells Pomts on the curves represent the 
average of six HlSJ-2-resistant stocks compared with six radiation-resistant stocks 
Stram B and B/1 served as a control, their values before averagmg being Iccs 
than the mean survival of the HN-2- and radiation-resistant strains Inspection 
of figure 4 amply justifies the conclusion that radiation-resistant E coh close]} 
resembles HN-2-resistant cells m relative insensitivity to toxic effects of the 
chemical 


DISCUSSION 

The conclusion may be drawn that although mutation of B to B/1 is not cer- 
tainly mduced by HN-2, the conversion is readily accomphshed m a strain 
resistant to the chemical, m the presence of methyl-bis(beta-ch]oroethyl)ammc 
hydrochlonde, B/M12 cells may be changed to B/M12/1 Previous reports 
have mdicated that HN-2 has the capacity to mduce mutation (Auerbach el al , 
1947) The studies of Dr E Witkm (1947b) indicate that the variety of chew 
icals capable of mducmg mutation is greater than had been anticipated No 
practical advantages attend these findmgs at the present time, smee the mu 
tagemc influence of chemicals may more easily be duplicated with X-rays or 
ultraviolet radiation Contmued research with microorganisms may cventuallj 
imcover differences m the types or relative frequencies of genetic changes dc- 
pendmg on the mode of mduction, as previously observed by geneticists compar- 
mg the effects of radiation of vaned wave length A continued search m the 
field of chenucally mduced mutation offers the best hope for directed mutation, 
analogous to the transmutation effect of desoxynbonuclease on pneumococci as 
desenbed by Av’^ery, MacLeod, and McCarty (1944) Compared with the ran 
dom action of ionizing radiations, specific chemicals should offer a more precise 
mechamsm for altenng the chemical structure of the cell to produce directed 
genetic modification Highly reactive chemicals, including HN-2, would be 
expected to offer the least specificity 

It IS beheved that the most mterestmg result of this study is the finding that 
resistance to radiation and to methyl-bis(beta-chloroetbyl)amine hydrochlonde 
may mvolve an identical mechanism A number of interesting hypotheses may 
be advanced to account for protection agamst these agents by a single genetically 
determmed biochemical change However, there exist no biochemical facts on 
which a sound hypothesis might be based Until such facts are available, it 
therefore appears'unduly speculativ e to mdulgem mterpretations of the mechan- 
ism of resistance Present efforts should be directed rather to the analysis^ 
enzyme activity, metabolic processes, and polymenzation characteristics of Uif 
resistant cell structure 
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SUMMARY 

Methyl-bis(beta-chloroethyl)amme hydrochlonde (HN-2) is capable of 
inducing mutations to phage resistance m a stram of Escherichia coli specifically 
resistant to the toxic effects of this chemical 

Tlie resistance of selected strams of E coli to the lethal effects of HN-2 is 
identical or related to ultraviolet radiation resistance Conversely, strams of 
E coll that have mutated to ultraviolet resistance are simultaneously relatively 
insensitive to lolling by HN-2 

Resistance to HN-2 and ultraviolet light therefore appears to result from 
related genetic changes and suggests a smulanty m the mode of action of these 
two agents on the bactenal cell 


REFERENCES 

Avert, 0 T , MacLeod, C M , and MgCabtt, M 1944 Studies on the chemical nature 
of the substance inducing transformation of pneumococcal types Induction of trans- 
formation by a desoxyribonucleic acid fraction isolated from pneumococcus type III 
J Exptl Med , 79, 137-158 

Auerbach, C , Robson, J M , and Caeb, J G 1947 The chemical production of muta- 
tions Science, 106, 243-247 

Bbtson, V 1947 Reciprocal cross resistance of adapted E coh to nitrogen mustard and 
ultra-violet light Rec Gen Soc Am , 16, 26 

Cavalli, L L 1948 Bacterial mutations for resistance to radiation and to nitrogen 
mustard Abstract Book Eighth Intemat Cong Genetics, p 23 

Demerec, M , and Fano, U 1945 Bacteriophage resistant mutants in Escherichia colt 
Genetics, 30, 119-136 

Demerec, M , and Latarjet, R 1946 Mutations in bactena induced by radiations 
Cold Spring Harbor Symposia Quant Biol , 11, 38-49 

Horowitz, N H , Houlahan, M B , Hungatb, M G , and Wright, B 1946 Mustard 
gas mutations in Neurospora Science, 104, 233-234 

Luria, S E 1947 Recent advances in bactenal genetics Bact Revs , 11, 1-40 

Morgan, T H 1914 The failure of ether to produce mutations in Drosophila Am Nat , 
48, 705-711 

Tatum, E L 1947 Chemically induced mutations and their bearing on carcinogenesis 
Ann N Y Acad Sci , 49, 87-96 

WiTKiN, E M 1947o Genetics of resistance to radiation in Escherichia coh Genetics, 
32, 221-248 

WiTKiN, E M 19475 Mutations in E coh induced by certain chemicals that affect nu- 
cleic acids Cold Spring Harbor Symposia Quant Biol , 12, 256-269 




CHAEACTERISTICS OF TARTEATE-FEEMENTING 
SPECIES OF CLOSTRIDIUM 

JOSEPH TABACHNICK and REESE H VAUGHN 
Division of Food Technology, University of California, Berkeley, California 

Received for publication July 7, 1948 

lATiile establishing methods for the control of spoilage m the tartrate recovery- 
plants of California, Vaughn et al (1943a, b, 1946) isolated a number of n-tar- 
trate-decomposmg microorganisms, including several mesophilic clostndia 
Tliese orgamsms, among the most active fermenters of n-tartrate, are of his- 
toncal as v ell as economic mterest, for it ivas m a tartrate medium that Pasteur 
(1S63) encountered similar orgamsms m his study of anaerobiosis This mves- 
tigation vns undertaken to determine the charactenstics of a number of these 
D-tartrate-fermenting clostndia, for, despite the early observation of anaerobic 
tartrate decomposition, to the ivnters’ knowledge a pure culture study of the 
tartrate-fermenting species of the genus Clostridium has never been reported ^ 

EXPERIMENTAL RESULTS 

Isolations were made from 18 different sources The majonty of cultures 
were obtamed from spoiled crude n-tartrate or tartrate recovery eqmpment® 
Several strams w'ere isolated from loneyard soil One isolate was obtamed 
from manne mud Fifteen of the cultures were obtamed by direct isolation 
from the source matenal placed on glucose agar The eight remainmg strams 
were obtamed by an ennehment technique mvol-vmg n-tartrate media Fifty- 
four additional cultures representmg twenty-five species of the genus Clostridium 
w'ere used as controls For the majonty of the cultures m this latter collection 
the authors are mdebted to Dr Ehzabeth McCoy, Dr C E Clifton, Dr L S 
McClimg, Dr F W Tanner, Dr Sanford S Elberg, Dr K W Raper, and Dr 
E J Cameron The remammg control cultures were obtamed from the Amen- 
can Type Culture Collection Conventional techmques were used throughout 
the course of the study References rather than detailed descnptions -will serve 
to acquamt the reader with them 

Characteristics of the Bacteria 

A majonty of the cultures possessed similar morphological characteristics 
They were large, motile rods with lounded ends, occumng smgly, m pairs, m 
chains, and occasionally m long filaments The cells were gram-positive m very 
young cultures, but became gram-negative from 5 to 10 hours after turbidity 
appeared m liver infusion broth The cultures all gave t 3 qiical granulose reac- 
tions rvith lodme 

’ For a suminary of the early literature concerning the microbial decomposition of tar- 
trates, see Vaughn, Marsh, et al (1943&, 1946) 

= For an understanding of the tartrate recovery processes consult Marsh (1943) 
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The cultures varied m their abihty to produce spores, some sponilatod pro- 
fusely, others sparmgly The spores -were always elliptical and generally con- 
tamed m a subtermmal position inside the sporangium Sporulation rc'uUcd 
m distmct swelhng of the cells 

Typical colonies grown on tryptone glucose agar (3 da 3 ^s at 37 C) n\cragcd 
1 5 mm m diameter and were smooth, vhite, opaque, convev, glistening, and 
circular with irregular margms On ti 3 q>tone ammomum D-tartrate agar the 
colomes were mmute and appeared translucent or transparent 
The differential charactenstics of the 23 tartrate-fermentmg isolates are sliomi 
m table 1 None of the cultures softened or digested coagulated egg albiuncn, 
blackened or digested bram medium, or liquefied gelatin The bactena did 


TABLE 1 


Characteristics of the tartrate-fermenting isolates 



DECOlEPOSinON OF PRO 
TEINACEOUS rtATEEIAlS 

FEEJtEKTATION AS INDICATED BY CAS PSODUCTION 
AND CEANCE 3N pH 


NUICBEI OF 
CUlTUSES 

Coagu 
la ted 
egg al 
bumen 

Bram 

medium 

Gclatm 

lique 

faction 

P 

Q 

Glucose 

Lactose 

Maltose 

Sucrose 

Galactose 

Glycerol 

— 

Mannitol 

a 

g 

*3 

InuliD 

• 

■3 

1 

TES‘TAT|\X SPECirS 
AUOCATIOS 

fAmi SniAT i94S) 



Number of cultures showing positive reachons at 37 C 




12 

0 

1 

0 

0 

12 

12 

12 

12 

jl2 

12 

10 

12 

12 

r 

12 

Closindtum huly 
ncum 

8 

0 

0 

0 

8 

8 

8 

8 

8 

8 

8 

8 

8 

1 

2 

0 

Closlndium leije 
nneht 

1 

0 

0 

0 

1 

1 

1 

' 1 

1 

1 

0 

0 

1 

0 

0 

Clostndtum pas 
teurianum 
(Strain N) 

1 

0 

0 

0 

1 

1 

0 

1 

1 

0 

0 

0 

0 

0 

0 

? (Strain Q) 

1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

0 

0 

? (Strain R) 


* Soluble and insoluble starches were tested Demonstration of extracellular nnijlasc 
as well as fermentation with gas production and change in pH were criteria for decomposi 
tion 


not produce mdole m tiyptone medium even when galactose, p-xylosc, or am 
momum D-tartrate were substituted for glucose (Spray, 193C, E\ans cl al , 191 ) 
Hydrogen sulfide was not produced from the sulfur-containing constituents o 
tryptone The organisms did not grow m tryptone broth in the absence o a 
fermentable substrate Strain Q was the only isolate that reduced nitrate 

Ditnte rj-j 

The cultures all grew well at temperatures ranging from 30 to 3/ O i' 
grew slowly at 25 C but did not grow at all at 40 C (temperature of the medium; 
The minimum pH xalue for the gronth of these bactena in tartrate media nas 

4 7 The majonty of the strains, howeier, could not grow at pH values 

5 1 The desired pH values of the tartrate media were obtained as de^cno^ 

by Vaughn cl al (194G) The minimum pH value for growth was determin 
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b3^ an adaptive transfer technique (GihUand and Vaughn, 1943) It was not 
determined whether the effect on growth was caused by the hydrogen ion ac- 
tmty or was m part the result of the toxicity of undissociated tartanc acid 

The D-tartrate-fermentmg cultures are representative of the saccharolytic 
clostndia The majority (12 isolates) closely resemble the type species Clos- 
tndnm huiyncum regardless of their abihty to ferment glycerol ® The eight 
strains allocated to the species Closlndium hetjenncht possess the general charac- 
teristics of Closlndium huiyncum but are separated from it by their inability to 
ferment starch 

Tlie three remammg cultures, N, Q, and R, differ markedly from the other 
isolates studied They are more difficult to grow and grow more slowly Stram 
N has been allocated tentatively to the species Closlndium pasleunanum despite 
the fact that it ferments lactose It will be noted that stram R ferments glucose 
and mannitol, whereas stram Q ferments D-xylose, glucose, maltose, and sucrose, 
although thej'- both attack D-tartrate On morphological grounds stram R is 
similar to the other identified isolates Strain Q, however, characteristically 
forms surface colomes that are flat and circular, have myceloid edges, and are 
dull ji'cllow in color Because of these differences it is felt that specific designa- 
tions for these tno isolates are not warranted until further investigations have 
been made 

Some supporting evidence to strengthen the specific allocations for the ma- 
jonty of the strams (N, Q, and R excepted) was obtamed by determination of 
the end products of unbuffered glucose fermentations by three representative 
isolates The chief end products of the glucose fermentations by these three 
cultures were carbon dioxide, hydrogen, and butync and acetic acids The 
molar ratio of butyric to acetic acid was approximately 4 to 1 

The production of only very small amounts of isopropyl alcohol by one stram, 
and only trace quantities of neutral volatile products by the other two cultures, 
plus the absence of acetom and 2,3-butanediol from the fermentation products 
of all three isolates, is considered additional evidence for placmg the D-tartrate- 
fermentmg cultures m the Closlndium huiyncum group (See McCoy el al , 
1930 , Langlykke el al , 1935 , Osbum el al , 1937 ) 

End Producls of n-Tarlrale Femientalion 

Smce earlier workers apparently had not used pure cultures m their studies 
of the anaerobic fermentation of tartrate, it was desirable to determme the end 
products formed from tartrate fermentations by several of the pure cultures just 
described Four representative cultures (N, Q, and R excepted) were used 
They were grown m a medium contammg 0 2 per cent yeast extract (Difco), 
0 1 per cent tiyptone (Difco), 0 1 per cent dibasic potassium phosphate, and 
traces of ferrous, manganous, and magnesium salts, to which were added con- 
centrations of ammonium D-tartrate consisting of 1 0, 1 5, 2 0, and 4 0 per cent, 

’ Species allocation follows Spray (1948) in Bergey’s Manual of Deiermtnahve Bacteriol- 
ogy Some authorities consider that glycerol fermentation is variable among the strains 
of Clostridium bulyrtcum See Spray (1936) 
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respectively The reactions of the media contammg the various concentrations 
of D-tartrate were between pH 6 8 and 7 0 after sterilization The mocuhtcd 
spores germmated and grew readily m the cultures containing from 1 0 to 20 
per cent ammonium D-tartrate with complete utilization (9G per cent ± 5 per 
cent) of the tartrate m all cases mtliin 12 to 18 hours after the first i i‘!ible Mgns 
of growth After 3 weeks’ mcubation at 30 C, only one of the four cultures 
tested grew m the medium contammg 4 0 per cent ammonium D-tartrate Tlic 
final pH value of the fermented medium varied from 7 5 to 8 5 

The major end products formed from D-tartrate by these bacteria vere carbon 
dioxide, hydrogen, and acetic acid Butyric acid was formed but in much 
smaller amounts than acetic acid The molar ratio of acetic to butyric acid 
was approximately 10 to 1 The fact that acetic acid is the principal acid 
formed m the tartrate fermentation, rather than butync acid as in the fcrmcnta 
tion of glucose, can be explained by the more oxidized state of tartrate (Johnson 
ei al , 1931) The ratio of carbon dioxide to hydrogen was approximatclj 23 
to 1 These ratios were similar for the four isolates tested Small amounts of 
ethyl alcohol and pyruvic acid also were detected Pyruvic acid vas identified 
as the 2,4-dinitrophenylhydrazme denvative (Campbell, 193G, Osbiim ct al , 
1937) Succmic acid (Moyle, 1924) was not detected in any of the D-tnrtratc 
fermentations Neither acetone, isopropyl alcohol, butanol, acetoin, nor 2,3 
butanediol could be recovered or demonstrated by qualitative means 

The failure to find succmic acid as one of the end products of the D-tartrate 
fermentation by these bactena gives additional support to the belief that prenous 
mvestigators vho reported both succmic and butyric acids as end products of 
the anaerobic decomposition of tartrate were using mrxed cultures It has been 
known since 1899 (Grimbert) that the coliform bactena ferment d tartrate mth 
the production of succmic acid (Also see Barker, 193G, Sakaguchi and Tada, 
1940) 

Two facts of significance in establishing the mechanism of the n-tartratc fer 
mentation by these bactena were obtained from these expenments (1) Small 
amounts of pyruvic acid vere recovered and identified among the end products 
(2) The 2 3 to 1 ratio of carbon dioxide to hydrogen gas uas found to be almo-t 
constant Proposed steps in the mechanism for the anaerobic dccompoMtion 
of tartrate by these bactena, supported by additional quantitative data, "d 
discussed m a later paper 

Uhhzatton of Tartrate by Other Clostridia 

To determme whether the ability to ferment tartrate is a common charac 
tenstic of strams of different species of the genus Clostridium, cultures 'cre 
obtamed from sources other than those of the tartrate-fermenting I'O a 
These mcluded 54 pure cultures representing 25 species of both satcliaro v i 
and proteobdic types After checking for xiabihtj and puntj of 
cultures, they were growm m liver infusion broth and then tested 
medium contained 0 5 per cent ammonium D-tartratc, 0 3 per cent jca=t fx r 
(Difco), 0 5 per cent toTtone (Difco), 0 1 per cent dibasic pota-ium pho-p i , 
and 0 05 per cent sodium thioglvcolate in distilled vater The mr lum 
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adjusted to pH 6 8 with sodium hydroxide, tubed m 200-by-20-mm test tubes 
filled to two-thuds capacity, sterilized in the autoclave, and inoculated The 
inoculum consisted of 10 ml of a 4-day-old liver infusion broth culture of the 
test organism The inoculated tubes were incubated at 30 C for 2 weeks and 
then analyzed foi the quantity of unfermented tartrate as compared with 
unmoculated controls 

With the exception of foui strains classified as Clostridium multifermentans 
by Gilliland and Vaughn (1943), which actively fermented the tartrate, none of 
the cultuies even caused partial decomposition of the tartrate On the basis 
of this experiment it may be concluded that the ability to utilize tartrate readily 
IS not a property common to the majority of strains of the genus Clostridium, 
even of the saccharolytic group 

The Adaptive Character of the Tartrate Fermentation 

The realization that the majority of strains of the genus Clostridium do not 
possess the ability to ferment D-tartrate prompted experiments on the adaptive 
character of that fermentation 

Demonstration of an adaptive enzyme system Adaptive enzymes in contrast 
to constitutive enzymes are those enz 3 mies whose production is markedly m- 
creased by the presence of a specific substrate To determme the t 3 q)e of enz 3 Tne 
system involved m the tartrate fermentation an experunent was conducted with 
an isolate identified as Clostridium beijennckii The organism was grown m 
glucose and ammonium D-tartrate media, respectively The basal medium 
contamed 1 0 per cent tryptone (Difco), 0 5 per cent yeast extract (Difco), and 
0 2 per cent dibasic potassium phosphate m distilled water The glucose medium 
contained 2 0 per cent glucose The tartrate medium contamed 1 0 per cent 
ammonium D-tartrate The two media were autoclaved in glass-stoppered 
pyrex bottles, then moculated and filled to capacity with additional stenle 
solution After incubation for 20 hours at 30 C the bactena m approximately 
200 ml of the medium were removed by centrifugation, washed once with m/30 
Sorensen phosphate buffer (pH 6 8) containmg 0 02 per cent sodium sulfide to 
ensure the reduced conditions necessary for mamtainmg the activity of the 
vegetative cells, resuspended m the buffer, and then used 

The experiment was conducted m Thunberg tubes To one set of tubes was 
added the same volume of 1 5 per cent sodium potassium D-tartrate solution 
Each tube containmg substrate or control solutions then received 2 ml of cell 
suspension The bacterial suspension was added carefully and in the presence 
of carbon dioxide, which was blown mto the tubes to prevent undue access of 
air The tubes were then evacuated Control tubes for zero time data were 
heated to kill the vegetative cells, and the remamder incubated at 37 C without 
shaking On the termination of incubation (90 mmutes) the contents of the 
Thunberg tubes were heated to destroy the vegetative cells The cells then 
were removed from the solutions by centrifugation The supernatant liquids 
were decanted and analyzed for glucose and D-tartrate The results are shown 
m table 2 

The results show the enzymes mvolved m the fermentation of D-tartrate to 
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be adaptive m nature Only those cells which have grown in the presence of 
D-tartrate could ferment it Smee tartrate alone was added to the v ashed cell 
suspensions, the experiment also demonstrates that utihzation of n-tartratc b\ 
these organisms mvolves dissimilation of this substrate alone Tlie presence of 
another orgamc compound m the medium is not necessary to initiate the break 
down It also is of mterest that the D-tartrate was utilized at a much faster 
rate than the glucose 

Adaptahon of species of Clostndium. to the uhlizahon of tartrate In view of 
the adaptive nature of the enzymes involved in the D-tartrate fermentation an 
effort wms made to adapt several related species to utilize tartrate The species 
selected were three strains each of Clostndium hutyncum and Clostridium l>''i 
jerinckii and one strain each of Clostndium pasteunanum, Clostridium vwUi 
fermenians, Clostndium acetobutylicum, and Clostndium felsineum Tii o methods 
were used m the attempt to tram the cultures to utilize tartrate In the first 
effort the bacteria were inoculated into a semisohd tryptone medium containing 

TABLE 2 


Ultlization of glucose and tartrate by washed cells of Clostridium betjerinclit (strain 0) 


StraSTEATE rOE PEO 

DuenoN or cells 

fiOBSTEATE FOE 
WASRED CELLS 

6UBSTEATE 

StnJSTEATE 

VTILIZLD 1 

SnsSItATI 
DTiunn ni 

Inittftl 

After 90 nun 

1 


ns/ml 

ms/mt 

nt 

micrmtU 

Glucose 

Glucose 

4 97 

3 57 

1 40 

7 78 


D-Tartrate | 

2 96* 

3 27 

0 

0 

n-Tartrate 

Glucose 

4 97 

4 05 

0 92 

5 11 


n-Tartrate 

3 02 

0 19 

2 83 

19 1 


* As tartrate ion 


0 5 per cent calcium D-tartrate and 0 5 per cent glucose By repeated transfer 
the cultures were kept m active fermentation in this medium for 1 montii 
Periodically transfers were taken from the glucose-tartrate medium and phcc 
m tryptone medium with 0 5 per cent calcium D-tartrate as the only substrate 
The cultures failed to ferment the tartrate The amount of glucose in t ic 
glucose-tartrate medium was reduced to 0 25 per cent and the same procc urc 
repeated Agam, none of the cultures could be trained to utilize the tartrate 
although the tartrate-fermentmg controls always actively fermented the tartrate 
m the medium The second method mvolved senal transfers of the cultures in 
0 5 per cent ammonium D-tartrate, tryptone, yeast extract medium contaimng 
decreasmg amounts of glucose (0 3, 0 2, 01, 0 05, and 0 00 per cent) » 
method also failed 

None of the species tested could be trained to utilize D-tartrate in ii lo e 
m part although the cultures were kept m constant contact with calcium o 
ammonium D-tartrate for 6 to 8 months Tlie addition of acetate to the n 
trate media did not affect these results (see below) 
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Utilization of Other Organic Acids 

At best the task of determmingspeciesallocation of the D-tartrate-fermentmg an- 
aerobes was not easy It was hoped therefore that useful taxonomic data might 
be obtained by the deteimmation of the ability of these isolates to decompose 
other organic acids Fifteen D-tartrate-fermentmg cultures were tested for their 
ability to utilize lactic, succinic, fumanc, L-mahc, L-tartanc, maJonic, and citric 
acids in three different semisolid media The various acids were added to the 
three basal media contammg varying amounts of complex mtrogenous matenals, 
after which the media were adjusted to pH 7 1 \vith sodium hydroxide and sten- 
hzed in the autoclave Only L-malate was utilized m all three media by 8 of 
the 15 strains tested Smce D-tartrate is related to D-malate in structural con- 
figuration it was thought that D-malate might be utihzed by those strams that 
could not utilize the L-isomer However, upon moculation of six of the isolates 
that did not ferment L-malate into a tryptone, yeast extract medium contammg 
DL-malate, no fermentation was detected after 1 week of mcubation 
In a medium nch m complex nitrogenous material qualitative evidence was 
obtamed for the slow fermentation of malonate and other dicarboxylic acids 
These studies are being continued 

Clostridium lacto-acetophilum, a species recently descnbed by Bhat and Barker 
(1947), requires the presence of acetate before it can ferment lactate Although 
this anaerobe does not ferment D-tartrate, its other charactenstics are similar 
to those of the 12 tartrate-fermenting isolates identified as Clostridium butyricum 
It was desirable therefore to determme the effect of acetate on the ability of the 
tartrate-fermentmg strains to utilize lactate Eight strams were tested in two 
media One contained lactate alone, the other contamed lactate and acetate 
The basal medium contamed 0 5 per cent yeast extract (Difco), 0 1 gram dibasic 
potassium phosphate, 0 3 per cent agar, and traces of ferrous, manganous, and 
magnesium salts Lactate and acetate were added m concentrations of 0 5 
per cent The media were sterilized and moculated as previously described 
The results of the experiment were clear-cut and uniform In the medium 
contammg lactate alone the bacteria showed a slight activity, whereas m the 
medium with lactate plus acetate a vigorous fermentation was observed This 
type of fermentation may be one possible explanation of the positive results 
obtained with malonate, as mentioned above Acetate or some other compound 
that can perform the same function as acetate in the fermentation of lactate by 
these Clostridia may be present m the medium 

The addition of acetate, however, did not influence the ability of the tartrate- 
fermenting cultures to decompose the other dicarboxylic acids Those strams 
that faded to ferment succinate, fumarate, and L-malate alone did not ferment 
these substrates in the presence of acetate 

RFMA-R-r-R on species ALLOCATION 

As previously stressed, the D-tartrate-fermentmg cultures m general had 
characters that related them to Clostridium butyricum Some of the strams 
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differed in their ability to utilize one or more carbohydrates B\ followint: 
Spray (1948) m Bergey’s Alanml of Determinahve Bactmology it was possible to 
allocate all but two of the isolates to one of three species Closlridium bidynm i, 
Clostridium beijennckit, or Clostridium pasteunanxnn Two of the isolitc-.' 
differed significantly from other w'ell-descnbed species and could not be classified 
If the isolates had been similar enough to have been identified as bcloncmi: 
to one species, it would have been possible to name a new species or subspecies 
based on their unique ability to ferment D-tartrate The cultures, howcier, 
could be allocated to several recognized species Therefore, creation of a neir 
species or subspecies is not justified, even for the purpose of senung to idcntifi 
or emphasize tartrate-fermenting butyric acid bacteria of the t}T)e described 
To do so would give unwarranted prommence to the tartrate-fermenting nbiliti 
of the bacteria and lead directly to further confusion in the ta\onoin} nnd 
nomenclature of the saccharolytic species of Clostridium 
Ennchment cultures containmg as yet untried substrates, wdien inoculated 
with material from proper sources, undoubtedly ml] yield many more tj pD« of 
clostndia than now recogmzed If the abihty to utilize these untried substrates 
were given imdue importance, as for example could be given to D-tartratc fer- 
mentation, m order to classify all of the isolates, it is obnous that an infinite 
number of new species and vaneties soon would be created 
When confronted with a similar type of problem mth the coliform bacteria, 
Levine (1918) chose those few differential characters that careful statistical 
anal 3 ’'S!S had shown would give good corre]atn’’e relationships This method has 
resulted in a significant reduction in the number of differential tests ncccc'^an 
to identify the mdividual species Perhaps a similar approach to the ta\onom\ 
of the saccharolytic bactena of the genus Clostridium would reduce the present 
number of species and simplify the identification and classification of new isolate- 
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susiMAnr 

The charactenstics of 23 D-tartrate-fermentmg butjTic anaerobes i=olated 
from spoiled tartrates, tartrate recovery equipment, and nnejard sods are 
giren All but two isolates were tentatnely identified as roprc'cnting prf'> 
oush desenbed species closely related to or identical with Clostridium hutyncur 
The major end products of D-tartrate fermentation bj representatue culiurf' 
included acetic acid, but 3 Tic acid, carbon dioxide, and Indrogcn Tlie nm w 
ratio of acetic acid to but 3 Tic acid formed was approximatch lO 1 or 
amounts of ethxl alcohol and pjTUX ic acid were formed 
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The enzymes involved m the decomposition of n-tartrate were shown to be 
adaptive in character Attempts to adapt other cultures of the common sac- 
charolj’^tic species of Clostridium to the utilization of D-tartrate were unsuccessful 
Tlie ability to ferment D-tartrate is not general among the representatives of 
the genus Clostridium 

With the exception of L-mahc acid, four carbon dicarboxyhc acids other than 
D-tartaric were not readily attacked by the bactena under the conditions of 
the experiments 
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It has been reported previously (Dienes and Smith, 1944) that m cultures of 
certain strains of Bacteroides colonies develop which m appearance, morphology, 
and properties of growth are similar to Li colomes m Streptobacillus monzUforrms 
These colomes develop from the bacilh in a similar manner m both species The 
bacdli swell mto large fusiform or round bodies, which grow either mto L type 
colomes or return to the usual bacilli Kheneberger (1948) has exammed one of 
the Bacteroides strams studied by Smith and the author, and she observed both 
the similanty between the L type colomes of Bacteroides and those of Strepto- 
haciUus monihformts and the denvation of these colomes from swollen bactenal 
forms 

The study of L type colomes is more diflScult m Bacteroides than m Strepto- 
bactllvs moniliformis because they develop only m the cultures of a few excep- 
tional st rains and only for a short penod fohowmg isolation Of 23 strains of 
Bacteroides studied m this laboratory, 9 were pleomorphic, and L type colomes 
were observed m only 4 They could be isolated m pure culture from 2 strams 
only, and only by keeping the cultures frozen m CO 2 ice was it possible to preserve 
their tendency to produce such colomes The cultures of nonpleomorphic 
strams and of those which lost this property durmg cultivation consist of regularly 
shaped bacillary forms without any morphological pecuhanties 

Shortly after pemcillm became available Pierce (1942) observed that Li is 
highly resistant to it and can be readily isolated m pure culture by moculatmg 
Streptobacillus moniliformis on media contammg the antibiotic Attempts 
made at that time by the author to isolate L type colomes from other bactena 
with the help of pemcillm were not successful Durmg the last two years, by 
studymg the effects of high concentrations of pemcillm and by usmg vanous 
media, the development of L type colonies has been observed m many species, 
and from some species it has been possible to isolate these forms m pure culture 
This paper contains observations made with Bacteroides, those made with 
Hemophilus influenzae have already been briefly reported (Dienes, 19476) 
Accordmg to the observations to be described, the addition of pemciUm to the 
medium offers an easy method for the isolation of L type colomes from certam 
strams of Bacteroides in the same way as from Streptobacillus moniliformis 

* The expenses of this investigation have been defrayed in part by a grant from the Com- 
monwealth Fund This is publication no 100 of the Robert W Lovett Memorial for the 
study of crippling disease 
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However, these observations imply more than the development of a ne\\ tcchni 
cal procedure, they mdicate an une\-pected effect of penicillm on bictcni 
Pemcilhn apparently helps the isolation of L tjTie colonies not onlj b^ siipprc^ 
Sion of bactenal growth but also by actual mduction of the dmclopmcnt of L 
forms m cultures m which they would not other\nse be seen 
Six strams of Bacteroides were used for the study of the effects of penicillin 
One stram (132) had already been studied e\tensi\ely Tvo cultures of thi' 
strain were available one which had been presented in CO 2 ice and had rermined 
pleomorphic, and another which had lost its pleomorphism as a result of con 
tmued transfers m broth The second stram (Ph) vas cultnated from a chronic 
infection of the knee jomt It vas not pleomorphic and produced no L t\T)c 
colonies The third stram (224) was isolated from a fistula of the abdominal 
wall and was also nonpleomorphic Three strains (906, 133, and 701) ncrc 
received from the Boston City Hospital through the courtesj' of Miss Lamb 
They were maintamed by passages in meat tubes, and none of them prodiitcd 
L type colomes All strams were gram-negative, nonmotile, nonsporeforminp, 
anaerobic rods, and they w ere all isolated from suppurative processes in luininn' 
To attempt further classification has not been regarded as necessarj bcc iii=c nt 
present it is impossible to decide whether the differences between the '■trams 
really mdicate difference of species Pleomorphism is a transitoiy’ charactcnstic 
in most strams and certainly does not indicate difference of species 
Thioglycolate broth cultures of the strams were transferred to agar platC' 
contaimng concentrations of penicillm increasmg from 1 to o,000 unit-s per ml 
The medium was similar to that employed for isolation of pleuropncumonialikc 
orgamsms It is prepared by boilmg nutnent agar w ith 2 per cent hor'O lilood 
After sedimentation of the precipitate, the supernatant is mixed v ith 20 to 30 
per cent ascitic fluid Anaerobiasis was produced as iieforc by grouing 
raiia marcescens on a pieee of agar on the lid of the sealed plate Bc'ulti ob 


tamed with the different strams vaned to a great extent 

The first two strains (132 and Ph) produced L type colonies abundintli on 
penicillin plates Bactenal growth was prexented by the =mallc't doo of 
penieillm tested (1 unit per ml) The bactena transferred to the phtf^ '■urllf' 
up withm a few hours mto large round bodies, and L ty pe eolonics dexdopfil m 
the course of 2 to 3 days even with the highest concentrations of penicillin (1,0^ 
units per ml) With stram 132, it made no difference vhethcr the platr^ 1 to 
inoculated xnth pleomorphic or nonpleomorphic cultures Betveen f-eptcrnlifi. 
1947, and Febmaiy, 1948, six ex-penments were conducted vith the ' -irain 
The dexelopment of L ty^ie colomes xaned considerably, but they gre. m «’ 
or more plates m each experiment, more regularly in tho=e xxith the hr-'lio' coi 
centrations of penicillm In certain expenments ■-ome plates remained -tfri 
while there was groxrth m others For example, L type colonic-^ d^'-f 0 ^'^ 
abundantly m an experiment xxath 100 and 1,000 units and thi x x irc i ' ' ' ^ 
xxath 200 and 400 units The xanation is probably due in part to 
difficulties of anaerobic cultixation, and its cause was not further ‘-tudK'l 
appearance of the plate xvath dense growth of tiny colonics and the -‘nr mo < 



1*1-18] isoiiVTioN or L T-ii’r clliures 447 

llic colonics IS tlicc ippou nnsf lined on the igai with modeiate magnification 
IS sliown in jihologi iphs 5 and 8 (figiiie 1) 

Ilie (olonics wcic ti msfeiied b^-- culling out a sqinie of agar containing 
them 111(1 Stic iking it o\ci the new medium They giew equally well on media 
with 01 willioiil pcnuilhn 'Ihc ago sqiiiics aie left on the fiesh medium 
bcc iiisc glow th often develops only bene ith the squaie On one occasion when 
tiaiispl lilts weic made fiom a plate contiining 1 unit of penicillin per ml, a 
few butciiil colonics dec eloped in addition to L tvpe ones Howecei, the 
httci Icpc of colonics gicw m tiansplants made fiom plates with highei con- 
ccntiations of penicillin, and bacleiial colonies did not decelop eithei in the 
pi limn 01 111 the subsequent transfcis on agai The numbei of colonies on 
ascitic igii is ilw ns low, although the colonies develop to a consideiable size 
(1 to 1 5 mm) aftci 7 to 10 days’ incubation The most abundant giowth can 
be obtained be icstieaking the agai squaies ocei the medium aftei 2 to 3 dajs’ 
inciibition and leincubating the plates Aftei 24 hoiiis’ incubation the colonies 
arc cen small ind cntirel3'' embedded in the agai 

\ few L tepe colonies developed fiom two of the stiams lecened fiom the 
Boston Cite Hospitil Stiain 906 pioduced a few bactenal colomes consisting 
of long filaments and a few L type colonies on plates containing 1 unit of penicil- 
lin Xo giowth was piesent with highci concenti ations Strain 133 produced a 
slight bactcii il giowth with 1 unit of penicillin pei ml Giowth was absent with 
highei concenti ations, but a few L tjpc colonies developed with 50 units pei 
ml Xo L t}pe colonies wore obtained fiom these strains in two subsequent 
expeiimenls The thud strain (701) lecened fiom the City Hospital and stiain 
224 isolated in oui laboratoiy produced no L type colonies in two consecutne 
tests In all expeiiments an aiea of the agai was inoculated with cultuies of 
stiain 132, winch pioduced L type colonies abundantl}’’ in most of the plates 
Ihe Baclcroidcs stiams piesent a distinct individuality manifested in diffeient 
degiees of pleomoiphism, or in its absence, and in the tendenej’’ to pioduce L 
type colonies The individuality of the stiams is as maiked with penicillin as 
without it In some strains of Baclcroidcs penicillin induced an abundant 
giowth of L type colonies, m otheis, onty a slight giowth oi none at all In 
the piesent expeiiments only one medium, ascitic agai, was used Obsena- 
tions with other bacteria indicate that the composition of the medium and the 
oiigin of the seium added to it exert a maiked influence on the results The 
medium which was most successful with Proteus and EbertheUa lyphosa was a 
soft agar to which 10 per cent horse seium had been added This medium also 
juelded a more abundant growth of L type colonies in Baclcroidcs than ascitic 
agar It is piobable that a large percentage of Baclcroidcs strains could be 
induced to produce L type colonies by experimenting w ith various media 
The L type colonies isolated with or without penicillin are similar m eieij^ 
respect The appearance and growth of these colonies and the moiphologj^ and 
physical propeities of the organisms aie so chaiactenstic and diffei m so man3’' 
respects from the parent culture that their identification causes no difficult3 
The close similarity of these colomes to the Li was acknowledged 63’’ IGiene- 
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berger, and it is apparent in the photographs in figure 1 As in the case of Li 
(Dienes, 1947c), it is difficult to see and especially to photograph the shape of 
the small growing forms in the center of the colonies since they do not grow^ m 
one plane and cannot be transferred to a cover slip In a successfully stained 
agar preparation very small bacilli, often with polar staining, and all transitional 
forms to the very large round bodies are clearly nsible Photographs 7, 10, 11, 
and 12 were made from the extending edge of the dense center of the colomes 
Photograph 13 was made from an unpression preparation of colomes from which 
the surface lajer had been removed Although the shape of the mduidual 
organisms cannot be seen so clearly m the photographs as w^ould be desuable, 
both small bacillary and rounded forms are apparent The shape and arrange- 
ment of the orgamsms are similar to those \usible m photographs of La and of 
pleuropneumoniahke orgamsms made from similar preparations The author 
cannot agree with IQieneberger’s opmion that these orgamsms show no “ceU 
boimdanes” and grow as “thm shapeless shme ” The form of the organisms is 
as distmct as the form of any other nucroorgamsms, and their development 
follows a definite pattern 

The growth properties of the L type colomes isolated from Bactermdes and 
the Li are similar both on sohd and hquid media It is difficult to mduce growth, 
and on a heanly moculated plate only a few organisms will produce colomes 
These develop slowly, but if they are not crowded they contmue to grow for 
5 to 7 days Autolj’’sis is often apparent, although the colomes contmue to 
extend to the penphery In broth, growd,h develops slowly and contmues for 
several weeks as isolated colomes adhenng to the sides of the tube, or m thioglj’’- 
colate broth adhenng to the agar particles 

Some insight mto the mechamsm bj’’ which pemciUm exerts its influence on 


3 Transplant on ascitic agar from culture illustrated in photograph 2 after 17 hours’ 
incubation X 2,000 

4 Bacillary colonies of strain 132 on ascitic agar X 2 

5 Tiny L tj pe colonies on 10 per cent horse serum agar containing 1,600 units pemcilhn 
per ml inoculated with a nonpleomorphic culture of Baclerotdes strain 132 Three daj -old 
culture X 2 

6 L type colonies of strain 132 after the 15th passage on ascitic agar Three daj old 
culture X 2 

8 L type colonies of strain 132 They have a dense center embedded in the medium 
with granular appearance and irregular contour The penphery of the colony extends on 
the surface of the medium consisting of large round forms These are apparent with this 
magnification only when they are transformed into large vacuoles X 200 

9 The penphery of a colony similar to that in photograph 8 Many of the round bodies 
are not stained and the one in the lower left corner has a round vacuole X 2,000 

7, 10, 11, and 12 These photographs illustrate the edge of the center of L tj^pe colomes 
spreading in the agar This consists of small bacillary forms and small and somewhat 
larger round forms arranged in a way similar to bacilli growing into the agar The short 
filaments with a knob or round swelling at the end can be seen often in cultures of pleuro- 
pneumonialike organisms The organisms in the photographs are in their natural arrange- 
ment, although they are flattened by the drying of the agar Photographs 7, 11, and 12, 
X 3,000, 10, X 2,0000 

13 Impression preparation after agar fixation stained with thionin The surface of the 
colonies was eliminated and the impression made from the dense center All transitions 
from very small to large round forms are present X 3,000 

Photographs 1, 2, 3, 5, and 9 were made from wet stained agar preparations, 7, 10, 11, 
and 12 from dry-stained agar preparations, 13 from an impression preparation after agar 
fixation Photographs 4, 5, 6, and 8 were pnotographed from unstained agar plates 
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the bacilh was obtained by study of the broth cultures of strain 132 In broth 
cultures of this strain under nonnal conditions of cultivation, pleomorphism e 
the result of the changes induced by the growth of the bacillus in the medium 
The bacilh are not pleomorphic on sohd media, and transferred mto broth thc\ 
start to multiply m the form of regularly shaped bacilh and short filament; 
After 6 to 9 hours mcubation almost all bacilh develop central swellings at 
the same tune, and durmg the foUowmg hours swell up to large bodies Mul 
tiphcation m baciUaiy form stops durmg this process If the large bodies are 
transferred mto fresh broth or agar at any time durmg the course of their dei elop 
ment, they break up mto small bacillaiy forms They produce no pleuropneu 
momalike colomes After the transformation of the bacdh mto large bodies is 
complete m the broth cultures, both bacillary and L type colomes develop m 
transplants and the proportion of pleuropneumoniahke colomes mcreases voth 
the age of the cultures The peculiar processes observed m the cultures are the 
response of the bacilh to the accumulation of metabohc products m the medium 

The culture of stram 132 that was used for the foUowmg experiments was 
propagated by passage m thioglycolate broth and lost its pleomorphism and 
abihty to produce L type colomes Throughout its whole development it con 
sisted of small bacillary forms To obtam a fresh growmg culture, thioglycolate 
broth containing ascitic fluid was heavily moculated with this stram and in 
cubated for 3 hours Increase of turbidity and gas production indicated ngorous 
growth At this tune enough pemcilhn was added to the cultures to bnng the 
concentrations up to 100 and 400 umts, respectively Gas formation and in 
crease of turbidity proceeded durmg the followmg hours, but were caused bj 
an mcrease m the size of the bacilli and not by multiphcation Five hours after 
the addition of pemciUm no usual bacilli were visible m broth, the}’’ had been 
replaced by large round bodies At that time transfers were made on two ascitic 
agar plates After mcubation overnight one plate was opened, and the large 
bodies were found m all stages of transformation mto bacilli It can be seen in 
photograph 3 that the large bodies mcreased m size, they began to segment and 
baciUary filaments began to grow from them m multiple duections Under 
the imcroscope this plate presented a picture similar to that observed m plate; 
moculated from young broth cultures of naturally pleomorphic strains On 
the plate opened after 48 hours baciUaiy colomes were present m large numbem 
without admixture of L type colomes Transferred to broth, these bacilli 
produced no pleomorphic foims 

The same broth cultures were transplanted after 2 days’ exposure to penicillin 
The large bodies were well presen ed and stamed deeply with methj lene blup, 
but, mstead of developmg mto bacilli, they produced L type colomes exclusneh 
These colomes grew well m transplants on ascitic agar plates both with on 
without pemciUm The appearance of the cultures was similar to that repr^ 
duced m photographs 5 and 8 The dentation of the L Ijr-pe colonies from c 
large bodies has previously been demonstrated by obsenation of this proee - 
m shde cultures This method cannot be applied so weU to large bodi^'s pro- 
duced b} pemalhn, because at the stage when thej grow mto L tj-pc colonv; 
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onl}' a few of them remam viable However, m stained agar preparations it 
could be seen that in this case also the L type colonies came from the large 
bodies The broth cultures have no other growing orgamsms besides the bacdli 
and the L type colonies evidently originate from them 
The influence of penicillin on nonpleomorphic broth cultures of stram 132 
imitates closely the processes observed m pleomorphic broth cultures without 
penicillm In both cases the swelhng of bacteria into large forms and the growth 
of L tjTie colonies are a response of the bacteria to the presence of chenaical 
substances in the medium mterfenng vnth normal growdh This observation is 
of great mterest because it indicates that the mechamsm by which pemcilhn 
mduces the production of L type colomes is probably closely similar to that by 
which these colonies are produced m pleomorphic cultures without pemciUm 
The L tjTie cultures isolated some years ago from stram 132 and from another 
pleomorphic stram 0 H could not be made to grow m hqmd media The 
cultures isolated inth the help of pemciUm both m strams 132 and Ph grew in 
thioglycolate broth contaimng ascitic fimd This medium had not been used 
previously To make a culture m broth, the colonies together with the super- 
ficial layer of medium were scratched off the surface of agar cultures and trans- 
ferred mto thioglycolate broth The cultures were then sealed with hquid 
petrolatum The colomes adhenng to the agar contmued to enlarge dunng the 
following days, and the metabohc activity of the culture was indicated by a 
shght development of gas It was helpful at this pomt to break up the colonies 
by drawmg them into a capillary pipette several tunes In some cases, followmg 
this procedure, several hundred small colomes developed adhenng to the agar 
suspended m the medium The colomes were small but easily seen Exammed 
under the microscope they consisted of small to very large round bodies (up to 
20 to 30 m) most of which were empty and transparent, some were filled with 
granules Similar empty blebs develop m cultures of the pleuropneumoma 
group of orgamsms and they are probably not living structures The center of 
young colomes consisted of small forms Growth was obtamed m successive 
transfers m thioglycolate broth, but it was always slow and the gas production 
remamed shght compared with that m bacillary cultures 
The most important observation made with the broth cultures was that sooner 
or later the usual bacillary forms reappeared in them This observation is of 
considerable interest for the question of the nature of the L type growth, and 
one experiment will be described m detail 

L type colomes from penicillin plates moculated with bacillary cultures were 
transferred on December 22 to ascitic agar plates without pemcilhn from both 
strams 132 and Ph The cultures were transferred by cutting out agar squares 
contaimng the colonies and streaking them on fresh plates Transfers were 
made at mtervals of 3 to 5 days The usual bacillary forms never appeared on 
the plates Both strains were transferred from the agar plates mto tvo thio- 
glycolate broth tubes contaimng 10 to 20 per cent ascitic fluid from the 2nd, 3rd, 
5th, 8th, 13th, 14th, and 15th passages on agar The last transfer into broth 
was made on February 14, 54 days after the ongmal isolation of the L type 
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growth The broth tubes were stirred after 4 to 5 days by a capillary p.pctte 
and at the same time transfers were made mto fresh thioglycolate ascitic fluid 
tubes Development of bacilli m the broth cultures was indicated by abundant 
gas formation and turbidity The bacilh were examined for theu- morphologj 
and growth under aerobic conditions In all cases they presented the pleo- 
morphism charactenstic of certam freshly isolated strains of Bacteroidcs This 
pleomorphism and the absence of growth under aerobic conditions is sufficient 
to identify them A few cultures were more thoroughly examined and nere 
found to be similar m every respect to the ongmal strams On agar they pro- 
duced L type colomes m addition to bacillary ones Contamination of the 
culture occurred only m 5 tubes out of the 43 used, both in ongmal and secondar} 
transplants The contammants did not produce gas in thioglycolate broth and 
grew m aerobic plates 

In table 1 are mdicated the dates when bacilh were noticed m the broth cul 
tures They appeared m the tubes moculated from the agar cultures after 4 to 
33 days of incubation Twenty-three transplants were made from the ongmal 
tubes before bacillary growth was apparent, two were contaminated, but sooner 
or later bacilli developed m all the others In some cases this happened onij 
after long mcubation of the subculture, m one mstance after 64 days 

It IS of mterest that the bacilh which appeared in broth were pleomorphic in 
aU cases and that after growth overnight the culture consisted of large round 
bodies and short filaments with large swelhngs The cultures of strain 132, 
which had lost its pleomorphism, and strain Ph, vhich bad never shoiwi plco- 
morphism, both acquired a tendency to swell mto large bodies similar to that 
observed m stram 132 immediately after isolation One of the 132 cultures re- 
gamed from L type colomes was propagated m broth cultures The pleomorph- 
ism persisted m 5 consecutive transfers and disappeared m the sixth This 
behavior is similar to that of the ongmal stram It has already been mentioned 
that the bacilli regained from the large bodies without passing through the L 
forms were not pleomorphic Exposure to pemcillm and to certain toxic salts 
induces the swellmg of bactena mto large bodies, but these forms transferred 
on normal media reproduce bactena of the usual morphology if they multiplj 
at all The passage of bactena through the L forms is the only mstance luioini 
to the author m which a tendency to pleomorphic growth, vhich persisted in 
successive generations, has been produced 
The reappearance of bacillary forms m the broth cultures is certamlj no a 
result of contammation The bacdli which reappeared were similar in ever} 
case, and the charactenstic pleomorphism, anaerobic growth, and the production 
of L type colomes after transfer to agar proved their identity with the paren 
stram The transfers and the examination of the cultures were always macic hi 
the author, and the media were tested for stenlity The thioglycolate bn i 
was boiled immediately’’ before moculation The ascitic fluid was al-o u^ 
the cultiiation of pleuropneumonialike orgamsms and of such routine penmen-. 

as 3omt and pleural fluids nexer appeared in these cultures 

the same time that the thioglycolate tubes were moculated from the third a? 
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transfer of L type colonies, two tubes were inoculated as a control with cultures 
of Li isolated several months before from a stram of Streptobacillus momhformts 
These tubes were stirred and transferred into two other tubes 3 days later 
During the following days Streptobacillus moniliformis grew m all four tubes 

TABLE 1 


Development of the usual hactllt in thioglycolate broth inoculated with L type cultures of 

Bacleroides strains ISS and Ph 


KUUBER OF PASSAGES OK ASCITIC AGAR 
PLATES WITHOUT PENICILLIN BEFORE 
INOCULATION INTO BROTH (L TYPE 
CULTURES) 

DATE OF TRANSFER INTO BROTH 

DATE OF APPEARANCE OF BACILLI IN THE 
BROTH CULTURES 

3 

Jan 5 

Strain 132 

Jan 10 



132 

Jan 10 


1 

Ph 

Jan 10 



Ph 

Jan 12 

5 

Jan 13 

132 

Jan 24 



132 

Jan 31 



Ph 

Jan 19 



Ph 

Jan 20 

8 

Jan 24 

132 

contam 



132 

Feb 5 



Ph 

Jan 28 



Ph 

Feb 1 

13 

Feb 14 

132 

Mar 11 



132 

Mar 18 



Ph 

contam 



Ph 

Feb 26 

16th (strain 132) 

Feb 26 

132 

Mar 4 



132 

Mar 15 

14th (stram Ph) 


Ph 

contam 



Ph 

Mar 20 


The broth cultures were stirred and transferred into other broth tubes after 3 to 6 days’ 
incubation Bacilli appeared in only one tube before stirring (Jan 28, 8th passage of 
strain Ph) Bacilli appeared in 21 of 23 thioglycolate tubes inoculated from the original 
broth cultures, 2 tubes were contaminated 

The four thioglycolate tubes moculated simultaneously with L type colonies of 
Bacteroides later produced Bacteroides The L type colomes m both cases re- 
produced the bacteria from which they ongmated 

DISCUSSION 

L type colonies have been obtamed without difficulty with the help of pemcil- 
lin from certam strains of Bacteroides The author hopes that the easy availa- 
bihty of these peculiar forms will attract others to their study A high re- 
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astance to penicillin is one more similanty between these colonies obtained from 
Bacteroides and the Li isolated from Sireptobacillus momhformis The growth 
of L type colonies was not affected m either species by the highest concentrations 
of penicillin tested, 5,000 and 10,000 units, respectively On the other hand 
these colomes grew as well without penicillin It is interesting that in botli’ 
species this high resistance to penicillm is connected inth colonies showing a 
close smulanty in the type of growth on agar and in broth, in morph ologj and 
physical properties However, metabolic activities of the L type cultures arc 
different in the two species and similar to that of the parent organism, although 
m both cases they are greatly reduced m mtensity 
The fact that penicilhn favors the development of L type colonies m Slrcplo- 
hacillus momhformis and Bacteroides is -of considerable interest in connection 
with observations made with other bacteria The isolation of colonics cor 
Tpspondmg to the Li from H influenzae, E typhosa, and Proteus with the help 
of pemcillm will be the subject of future papers In these cases L tjTie colonics 
could not be isolated without penicillin, although they are apparent in some 
cultures in a rudimentary form If the L t 3 T)e colonies developing with or 
wnthout penicillm are similar m two species, there is no reason to believe that 
m other species colomes with similar properties are of a different nature simplj 
because at present they can be obtained only by the use of penicillin Tlic 
inducement of the growth of L type colonies is an unexpected effect of penicillin 
This effect certamly represents more than mere inhibition of bacterial growth, 
but, smee most of the information concemmg it was obtained from the study 
of other species, its probable nature w'lll be discussed in future publications 
The reappearance of bacilli in broth cultures of L forms of Bacteroides is 
important m ascertammg the nature of these forms, and it is an additional 
similanty between these forms and the Lj The obsenmtions made with 
Bacteroides are similar to those reported by vanous authors on Li strains 
Heilman (1941) studied several Li strains which returned to bacillary forms in 
broth during a certain penod after isolation Often several transfers in broth 
•were needed for this purpose The Lj strain studied by Brown and Nunemakcr 
(1942) returned in broth to the bacillary form after 120 transfers on solid media 
Klieneberger (1940) observed the reappearance of bacilli in broth cultures, but 
she stressed the fact that after prolonged cultivation on solid media man} 
strains became stabilized and lost the ability to return to the bacillar}' form 
It IS not apparent m the present ex-penments whether a similar stabilization in 
the L form occurs m Bacteroides 

Kheneberger tnes to explain the reappearance of the bacilli m broth b\ the 
hj-pothesis that the bacilli are earned id the Li colonies as a contamination ^ 
cntical exammation shows that this supposition does not agree with the ob'f’na 
tions Both in Sireptobacillus momhformis and Bacteroides the L forms were 
transferred orer long penods in pure culture on solid media, a fact wliieli e\ 
eludes the possibibty that bactena accidentally included in the cultures v on < 
persist without multiplication The bacilli certain!} do not multipl} m dm ‘ 
type colonies in their usual form, because they do not form colonies on a&ir an' 
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require long incubation in broth in order to be apparent In both species the 
bacilli grow much faster than the L type cultures The author has discussed 
the connection between the bacillus and the Li elsewhere (1947a) It is sufficient 
to say here that the L forms of Bacleroides are not only similar morphologically 
to the Li and that they are denved m a smular way from the bacilh, but that 
they return to the bacillar}’’ form m a smular manner The L forms behave m 
both species as vanant forms and not as organisms genetically different from the 
bacilli 


SUMSIART 

The gro'wth of six Bacteroides strams was studied on ascitic agar plates con- 
tammg from 1 to 5,000 umts of pemcilhn per ml of the medium Growth m the 
usual bacillary forms was inhibited and L type colomes developed m abundance 
m two strams mth all concentrations of pemcillm A few such colonies developed 
m plates moculated with two other strams and none on those moculated ’with 
the remainmg two strams The mdividual peculianties of the strams m the 
development of L type colomes are as marked with pemcillm as without it 
The influence of the composition of the media m the development of L type 
colonies was not studied 

The processes mduced by pemcillm resultmg m the growth of L type colomes 
are similar in many respects to those observed m pleomorphic strams wathout 
the use of penicillin The baciUi, m a culture of the prenously studied stram 
132 after loss of pleomorphism, w’ere mduced by pemcillm to swell to large 
forms In the early stages of transformation these large forms transferred to 
pemcillm-free media returned to the usual bacillary form, m a later stage they 
produced only L type colomes 

The L type colomes of two strams were mduced to grow m thioglycolate 
broth After prolonged mcubation (4 to 64 days), the usual bacilh reappeared 
m all broth cultures On agar plates development of bacilli was never observed 
m L type cultures Before the L type cultures w ere moculated mto broth, they 
were transplanted on agar for a sufficient number of times to exclude the presence 
of baciUi accidentally mcluded m them The L t}’pe of gro'wth m Streptobacillus 
monthformis and that m Bacteroides are similar not only m their denvation from 
bacilh, m morphology, and m high resistance to pemcillm, but also m the fact 
that, under appropriate conditions, they reproduce the parent bacilh m a 
similar way 
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The actmomycetes have been the subject m recent years of fundamental cyto- 
logical and physiological studies But there has been httle quantitative genetic 
study of this difficult group of microorgamsms The volummous hterature on 
spontaneous vanation in actmomycetes will not be reviewed here There have 
apparently been no studies of mduced mutation in actmomycetes, such as exist 
for the fungus Neurospora crassa (Sansome ei al , 1945, Hollaender ei al , 1945), 
or the bacterium Escherichia call (Demerec and Latarjet, 1946) 

The present study had three general aims (1) Determination of the compara- 
tive usefulness of ultraviolet light and X-rays as tools for mducmg mutation m 
actmomycetes (2) Determmation of the irradiation doses givmg maximum 
mutation frequency This knowledge was desired for a study of the genetics 
of antibiotic formation m actmomycetes (Kelner, unpublished work) (3) 
Study of the types of morphological mutants most easily mduced m actmomy- 
cetes Mutation causmg change m gross morphology was selected as the type 
to be studied, because such mutations were likely to be more abundant than 
were other t3q3es 

MATERIAL AND METHODS 

One species, SlrepUmyces flaveolus ATCC 3319, was chosen as a representative 
actmomycete species Its free sporulation made it easy to prepare conidial 
suspensions Accordmg to Bergey et al (1939), it is supposed to produce abun- 
dant yellow soluble pigment m orgamc media Mutations affecting pigmenta- 
tion were expected to be especially stnkmg and easily scored The culture as 
received from the Amencan Type Culture Collection, however, produced no, or 
only famt yellow, pigment — a not unexpected departure from description for 
actmomycetes The lack of pigmentation proved not to be serious, for the most 
common mutant mduced was an easily scored yellow form 

A smgle colony isolate of S flaveolus was used to moculate 40 asparagine glu- 
cose agar sporulation slants ’ These were incubated 2 weeks at room tempera- 
ture, then stored at 5 C Conidia for all experiments came from two such stocks 
of slants 

The ultraviolet source was a General Electric 15-watt germicidal lamp, 80 per 
cent of whose radiation was at 2537A A constant voltmeter mamtamed the 
voltage at 112 volts durmg irradiation The lamp was cahbrated by determmmg 

* This study was aided by a grant from Schenley Laboratories, Inc 

2 A preliminary report was given at the 1947 meetings of the Society of Amencan Bac- 
teriologists 

* Ten g glucose, 0 5 g asparagine, 0 5 g K.HPOi, 15 g agar, and 1,000 ml distilled water 
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the survival curve of coli phage T2 (Latarjet and Wahl, 1945, Luna and Lntanct 
1940 All irradiations were made 60 cm distant from the lamp, at an intcc'iti 
of 16 ergs X sec“^ X mm-- 

Suspensions were X-rayed at the Physics Department of the hlemonal Ilcb 
pital. New York ^ The X-ra 3 ^s were produced at 180 Kv The ra\ s v ere unfil 
tered, and had a H V L of 0 19 mm Cu The mtensity as measured m air iias 
2,000 roentgens per mmute 

Preparatory to irradiation spores of S flaveolus were washed off the agar slant 
into sterile saline The resulting suspension was filtered 6 times through 
absorbent cotton, and finally brought to a turbidity averaging about 1 X 10’ 
spores per ml Ninety per cent of the particles m the filtered suspension uerc 
single conidia (or possibly chains of two closely linked conidia) 

For experiments with ultraviolet irradiation, 15 ml of the suspension uerc 
placed in a roimd-bottomed 100-ml flask of ultraviolet-transparent vitreous 
sihca ® During the irradiation the flask was rotated at 330 rpm, to ensure uni 
form exposure of the spores (a method adapted from Hollaender and Emmons, 
1946) 

Suspensions for X-ray treatment were prepared similarly, except that 1 part 
nutrient broth to 9 of the suspension was added before irradiation, m order to 
obviate secondary lethal effects caused by “activated water” (Lea, 1947) Siis 
pensions were X-rayed m small p 3 rex tubes In all X-ray experiments, suspen 
sions were prepared in the afternoon, kept at 0 C overnight, X-raj'cd the next 
morning in New York (30 miles from the laboratory), and plated on the nutrient 
agar 2 or 3 hours after irradiation In ultraviolet experiments, hovexcr, sus 
pensions were prepared immediately before, and seeded immediatel} after, 


irradiation 

The irradiated spores were plated on nutrient agar plates by spreading 0 1 ml 
of appropriate dilutions over the agar surface with a bent glass rod After incu- 
bation for 3 days at 28 C, 100 colonies selected at random were each spread mcr 
an area 2 to 3 cm^ on asparagine glucose agar plates and incubated 1 vcck at 28 


C Each inoculum grew as a confluent mass On this medium differences in 
pigmentation, sporulation, and growth vigor were far more striking than on 
nutnent agar Mutants were scored according to their growth on the asparagine 
agar plates, inoculated as described, and incubated 1 week at 28 C If irradiate 
cells were plated directly to asparagine glucose agar, survival ratios were verj 
variable The method used had a further advantage, the mutants on tfie a'^par- 
agme agar were at least two generations removed from the irradiated cell, an 
hence the observed morphological differences were clearly inhcntablc 

Controls of nonirradiated conidia w'ere plated exactly as were irradiated conium 


EXPERBIEN'TV.n DATA 

Mutant types The nonmutated parent or wild type of Jlaieohts 3310, with 
which all mutants were compared, had moderate, flat, whitish vegetatn e pro.' i 

* Witt the kind assistance and adiice of Miss Elizabeth Focht and Dr Sejmour I'oH 
man of that institution 

'Manufactured by Vitreosil Companj, Xew "iork 
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and abundant gray spores The reverse was gray to white, or extremely famt, 
drab yellow There was evident no yellow pigmentation in the agar, except 
when the agar was viewed through its greatest depth (as from the side of the 
plate), wheieupon a very faint yellow pigmentation was sometimes seen 
The yellow mutant had a moderate to abundant, often raised, vegetative growth 
and moderately abundant, chalk-white spores The reverse was a moderate to 
intense yellow, with occasional red-orange areas There was a vivid aura of 
yellow pigmentation in the agar, easily visible through a thin layer of agar (as 
when the petri dish was viewed from above) The spores of some strams became 
famt gray or cmnamon-colored 

The asporogcnous mutant was characterized by a complete absence of aerial 
spores, or at most a very famt, questionable sporulation It should be empha- 
sized that some asporogenous mutants may have sporulated if incubated longer 
or if cultured on media other than asparagine agar (e g , one strain sporulated 
well on nutrient agar but not on asparagme agar, the parent strain sporulated 
well on both media) 

The restricted mutant showed only trace growth on asparagme agar 
Strains differing in other ways from the parent type were always present — e g , 
strains with partially reduced sporulation, or growth vigor, and strams with dark 
gray or tan reverse Although many such strams were undoubtedly mutants, 
they were all scored as the wild type because of the difficulty m differentiatmg 
them from the parent 

The relative frequency of mutant types was yellow, resineted, and asporogenous, 
m decreasing order These strams were found m both ultraviolet-irradiated 
and m X-rayed cultures The yellow mutants that did appear m the controls 
were m all cases pale yellow, none havmg the deep orange-yeUow pigmentation 
of many of the yellow mutants m irradiated cultures 
Nomrradiated control cultures had a low mcidence of mutation, 1 0 per cent, 
8 yellow, 1 restncted, and no asporogenous mutants were present among the total 
938 control strams scored A total of 2,432 strams from irradiated conidia were 
scored to obtain the mutation-frequency data given later 
Experiments with ultraviolet irradiation Figure 1 shows the survival of S 
flaveolus conidia at various doses of ultraviolet radiation The survival curve 
IS essentially exponential except in the begmnmg (to a survival of 20 per cent), 
where the rate of killmg is less than m the later portions of the curve A similar 
upward bend m the first part of the survival curve has been noted m Trychophyton 
mentagrophytes (Hollaender and Emmons, 1941), Aspergillus terreus, (Hollaender 
et al , 1945) and Escherichia coli (Demerec and Latarjet, 1946) and may be due 
to the presence of clumps or small chains of cells S flaveolus was apparently 
far more resistant to ultraviolet irradiation than was Escherichia coli (Demerec 
and Latarjet, 1946) and had the same order of resistance as many fungus spores 
(Hollaender, 1942) Valid generalizations cannot yet be made of the relative 
resistance to ultraviolet light of vanous groups of microorganisms, because too 
few species have been quantitatively studied 

The mutation frequency as related to ultraviolet dose m four separate ex-peri- 
ments is shown m figure 2 
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A control was run for each suspension m order to determine the percentage of 
spontaneous mutants The spontaneous mutation frequency a aned m diffcront 
suspensions, rangmg from 0 to 2 per cent The mduced mutation frequeaci of 
^diated cells at any particular dose shown m the graph has been corrected for 
the spontaneous mutation frequency of the suspension used m the indnidual 
experiment 



Figure 1 Survival dosage curve of S flaieolug irradiated with ultraviolet light 

There was considerable vanability m the mutation frequency m diflcrcDt ex- 
periments for suspensions irradiated with the same dose (Similar xanabiiit> 
was found by HoUaender et al , 1945, m Neurospora ) For this reason the cun m 
are not averaged, but shown mdividually m order to determine whether an oxer 
all dose mutation frequency pattern was present Smee we xxere particular^ 
mterested m the dosage necessary for maximum mutation frequcnc> , the higher 
doses were most mtensively studied 

The general pattern shown by the cun'es is for the mutation frcquenc} to m 
crease with dose up to the highest dosage used There is no ex idence that at luzn 
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doses the frequency drops, as was reported for vanous fungi (Hollaender and 
Emmons, 1941 , Hollaender ei al , 1945) The highest mutation frequency 
observed was 24 6 per cent m one experiment at 12,000 ergs X mm'^ The 
survival here was 4 2 X 10~® 

Experiments with X-rays For the range of X-ray doses studied, 0 to 300,000 
roentgens, the survival curve (figure 3) is generally exponential, except for the 



Figure B Relation of mutation frequency in survivors to dosage, in ultraviolet-irradiated 
S flaveolus The four curves shown represent four independent experiments 

first part, where the rate of killing is higher than at the end of the curve No 
data for doses between 0 and 25,000 r were determmed 
Figure 4 shows the effect of X-ray dose on mutation frequency The general 
pattern shown by the curves is for the frequency to nse almost Imearly with dose 
until about 200,000 r Above 200,000 r, it falls off or only nses slightly The 
highest mutation frequency observed was 15 per cent m one experiment at 300,000 
r (survival 1 3 X 10"®) X-ray expenments were far more uniform than were 
experiments with ultraviolet 
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Most workers have found that with X-rays mutation frequencj increijcd 
meariy with dose, up to the maximum dosage employed, usually under 100,000 
r (e g , Sansome el al , 1945, Demerec and Latarjet, 1946) Up to 200,000 r oiir 
curves, though variable, do not significantly contradict the linear increase tlieon , 
obviously, however, there is a leveling off above this dosage As an additioml 
check on the validity of the curves in figure 4, mutation frequency, X-raj dosage 
curves were prepared by scoring as mutants all strains differing in any obsen able 
morphological manner from the wild type Although this method had the disad 
vantage of possibly includmg nonmutant types, it was likely that if the mutation 



DOSAGE, X 10* ROENTGENS 

Ftgure S Survival dosage curve of S flaveolus irradiated with X rays 

rate was increasmg significantly above 200,000 r, such curves would show this 
mcrease Results were irregular, but shoived in most cases a leveling off aboic 
100,000 r There was consistently, however, a definite rise inthc cun e up to m 
highest dose tested, 300,000 r, contraiy to the curves in figure 4 in which onlj 
the specific mutants, yellow, asporogenous, and reminded, nere scored 

From this data it is clear that the mutation curve does level off above 100, Wt 
to 200,000 r, but whether there is a continued slow nse above this dosage, or no 

further mcrease, is not certain and depends on the method of scoring As o^p 

and Mercer (1947) hav e shown, factors ma> arise on high dosage irradiation tba 
can change the apparent frequency of mutation Another partial cxplanatioi 
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of the falling off of the mutation rate is that, at high doses, double mutants 
(Stubbe, 1937) are formed which are counted as one mutant 
Stabthiy of the mutant types The stabihty of several strains each of yellow, 
asporogenous, and restricted was tested byculturmgthe first two types on nutnent 
agar for about 6 weeks at 28 C, dunng which penod the strams were transferred 
5 times The restricted mutants were cultured similarly on potato extract tryp- 



OOSAGE, X 10* ROENTGENS 

Figure 4 Relation of mutation frequency in survivors to dosage in X-irradiated S 
flaveolus The five curves shown represent five independent experiments 

tone medium, M-130 (Kelner and Morton, 1947) After these transfers the 
strains were seeded agam to asparagine glucose agar and scored for the retention 
of mutant charactenstics 

Out of 10 yellow mutants, 3 reverted completely to the wild type, 4 retamed 
yellow pigment to a lesser degree than the ongmal, and 3 remained stable Two 
of the latter remained perfectly stable subsequently for ov er 5 more transfers 
Of 5 asporogenous mutants, 2 reverted completely to the sporogenous wild type, 
1 sporulated sparsely, and 2 remamed stable Of 5 restncted mutants, 1 re- 
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verted to the wild form, 2 changed to an intermediate form, and 2 remained 
stable 


DISCUSSION 

The types of mutants observed in this study suggest that a study of induced 
mutants may help clear up many perplexmg problems in actinomycete taxonom} 
Of particular interest is the fact that the yellbw mutant answered the descnp 
tion for S flaveolus m Bergey^s Manual (1939) and the ongmal description of the 
species {Actinomyces 168 m Waksman, 1919) far more accurately than did the 
S flaveolus culture as received from the Amencan Type Culture Collection The 
well-known departure of actmomycete cultures from pnnted description has made 
identification and classification of individual isolates a most difficult task In 
the present case, had not the culture borne its name on the label, it u ould have 
been difficult (although not impossible) to identify it as S flaveolus ® The yellow 
mutants mduced by irradiation, however, instantly made the relationship clear 

If mutations to types resembhng ancestral forms can indeed be readily induced 
as suggested by our experiments (see also Giles and Lederberg, 1948), then there 
becomes available a means for possibly determining the ancestral strain of a cul 
ture suspected of havmg undergone variation 

A study of mduced mutants also would disclose unsuspected relationships, e g , 
the close relation of S flaveolus with asporogenous actinomycetes, or with actmo 
mycetes imable to grow on asparagme glucose agar A study of the induced (or 
spontaneous) mutants of a culture along with the usual cytological and ph> Bio- 
logical studies could furnish bases for taxonomic differentiation of actinomycete 
groups — each group consisting of strams havmg among other quahties common 
types of mduced mutants 

The ultraviolet mutation frequency dosage curve differed from the usual tipc 
m not showmg a fall with maximum doses, however it resembled the “end point 
mutation frequency dosage curve for ultraviolet-irradiated Eschencha coh 
(Demerec and Latar^et, 1946) By “end point” mutation is meant a mutation 
that becomes phenotypically apparent only after one or more cell divisions In 
both curves, mutation frequency nses ■nith dosage up to the maximum dosage 
used 

Smce the expenments with X-rays were more reproducible, X-ra}S appear to 
be preferable to ultraviolet as a tool for inducing mutations in S flaveolus In 
one experiment with ultraviolet, however, a mutation frequency, 24 per cent, 
higher than that found m any of the X-ray expenments was observed 

SUmiART 

A representativ'e actmomycete species, Slreptomyces flaveolus ATCC 3319, was 
irradiated vnth ultraviolet light and with X-rays m order to determine quan i- 
tativelj the effect of these agents on the mutation frequency of tins organism 

' On asparagine glucose agar with concentrations of glucose higher than tuua> 6-^ 
g per 1 instead of 10 0 g per I) the wild strain did sometimes haxe a fleeting, ver} psie J 
pigmentation 
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Mutation in gross morphology was the mutation type scored The most common 
types of mutants were yellow, a pigmented mutant resembling Bergey’s desenp- 
tion of 8 flaveolus more closely than the ATCC culture, asporogenous, in which 
aerial spores were absent, and restricted, strains growing poorly on asparagine glu- 
cose agar 

Ultraviolet irradiation doses up to 20,000 ergs X mm"^ were studied Results 
were vanable, but in all cases mutation frequency rose steadily with dosage, with 
no evidence of a falhng off of the rate of increase at large doses The maximum 
mutation frequency observed was 24 per cent m one experiment 
Doses of X-rays up to 300,000 r were studied Mutation frequency rose with 
dosage up until 200,000 r, above which the rate of mcrease leveled off The 
highest mutation frequency observed was 15 per cent 
Since results with X-rays were more uniform than with ultraviolet. X-rays are 
considered preferable to ultraviolet for inducing mutation in actmomycetes 

KEFERENCES 

Berget, D H , et at 1939 Bergey’a manual of determinative bacteriology 5th ed 
Williams & Wilkins, Baltimore, Md 

Demebec, M , AND Latarjet, R 1946 Mutations in bacteria induced by radiations 
Cold Spring Bfarbor Symposia Quant Biol , 11, 38-50 
Giles, N H , and Ledebberg, E Z 1948 Induced reversions of biochemical mutants 
in Neurospora crassa Am J Botany, 36, 150-167 
Hollabnder, a 1942 Abiotic and sublethal effects of ultraviolet radiation on micro- 
organisms In Aerobiology A A A S pub no 17, p 156-165 
Hollabnder, A , and Emmons, C W 1941 Wave length dependence of mutation pro- 
duction in the ultraviolet with special emphasis on fungi Cold Spring Harbor Sym- 
posia Quant Biol , 9, 179-186 

Hollabnder, A , and Emmons, C W 1946 Induced mutations and speciation in fungi 
Cold Spring Harbor Symposia Quant Biol , 11, 78-84 
Hollabnder, A , Rarer, K B , and Coghill, R D 1945 The production and char- 
acterization of ultraviolet induced mutations in Aspergillus terreus I Production 
of mutations Am J Botany, 32, 160-166 

Hollabnder, A , Sansome, E R , Zimmer, E , and Demebec, M 1945 Quantitative 
irradiation experiments with Neurospora crassa II Ultraviolet irradiation Am 
J Botany, 32, 226-235 

Keener, A , and Morton, H E 1947 Two antibiotics (lavendulin and actinorubin) 
produced by actinomyces I Isolation and characteristics of the organisms J 
Bact , 63, 695-704 

Latarjet, R , and Wahl, R 1945 Prdcisions sur 1 ’inactivation des bactdriophages par 
les rayons ultraviolets Ann inst Pasteur, 71, 336-339 
Lea, D E 1947 Actions of radiations on living cells New York 
Ltjhia, S E , AND Latarjet, R 1947 Ultraviolet irradiation of bacteriophage during 
intracellular growth J Bact , 63, 149-163 

Roepke, R R , AND Mercer, F E 1947 Lethal and sublethal effects of X-rays on 
Escherichia coli as related to the yield of biochemical mutants J Bact , 54, 731-744 
Sansome, E R , Demebec, M , and Hollaendeh, A 1945 Quantitative irradiation ex- 
periments with Neurospora crassa I Experiments with X-rays Am J Botany, 
32, 218-226 

Stdbbe, H 1937 Spontane und strahleninduzierte Mutabilitat Leipzig 
Waksman, S A 1919 Cultural studies of species of Acltnomyces Soil Science, 8, 71-215 
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Ihc Sltcplomijces that piocliiccs “chloiomycetin” diffeis fiom those desciibed 
in Brrqcy's Manual (Bieed el al , 1948) and is tlieiefore believed to be a nev spe- 
cies foi which the name Slrcplomyccs vcnczuclac is pioposed 

1 w o ciiltuiesh n e been studied, thefiist one isolated at Xew Haven (Burkholder 
no \.G5) fiom i soil sample tollctted in a mulched field neai Caiacas, Venezuela, 
the second one isolated at L i liana (Gottlieb no 8-44) from a compost soil on the 
hoiticultuial faim of the Illinois Agiicultuial Expeiiment Station at Urbana 
(Ehilich ct al , 1947, Caitei cl al , 1948, Gottlieb cl al , 1948, Smith et al , 1948) 
The fiist of these, which we legaid as the type culture, has been placed in the 
Cultuie Btueau of Paike, Datis and Company at Detioit as no 04745 The 
desciiption of moiphology is liased on the type cultuie but both cultures weie 
employed in the physiologic tests 

MORPHOLOG1 

Piimaiy mj‘celium growing in agai substiata is thin-walled, coloiless, hyaline, 
monopodially blanched (figuie 1 C) Matuie vegetative hyphae vary in diam- 
etei fiom 0 9 to 1 8 micions and the blanches giow to about 150 micions in 
length Sometimes the substiatal mycelium foims oval spoies bj'' fiagmentation 
(figuie 1 B) The aeiial mycelium is lavendei undei the micioscope, thick- 
walled, geneially not much blanched, stiaight oi slightlj'' and irregulailj'^ cuiw^ed, 
not foimmg loops oi spiials, haMng individual filaments that appeal stiff, and 
aiising frequently from the piimaiy mycelium at the suiface of the substrate 
(figuie 1 H, I, I) Individual filaments are laiely oi not septate, I 0 to 1 8 
micions in diametei, and ^aiy in length up to about 350 micions In jmung 
colonies, the stiff aeiial Ityphae pioject outwaid ladially ovei the surface of the 
colony and show a lavendei coloi when examined micioscopicallj' The coloi 
of colonies w hen view'cd on agai w ithout magnification is graj'- to light tan or pink, 
but not lavendei Distal poi tions of the aerial hyphae commonlj^ subdn ide into 
unbianched oidial spore chains (figuie 1 A) which aie readiH fiagmented into 
small gioups or individual spoies 

The spoies aie oval to oblong Mature spoies range from about 0 4 to 0 8 
micions in diametei and from 0 7 to 1 6 micions in length The spores formed 
by fiagmentation of hyphae m the substrate are generall}' smaller than those 

‘ The Research Laboratories of Parke, Davis and Compan\ , Detroit, Michigan 

’ Universitj of Illinois, Urbana, Illinois 

’ Osborn Botanical Laboraton , tale Universita , New Ha^en, Connecticut 
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m the aeual hyphae Individual spoies aie coloilessat nntunti Imt 

n mass appear tan to giay uhen vieued vithont magnification Tlici mu 
amed readily mth cijstal iiolet and othei bacteiiologital iho- 11, c 



Figure 1 Streptomyces leneziielae V, aerial Inphae fragmented into c)i utii of '.porn 
B, substrata! iuphae forming spores in chains, C \oung pnmar% mjcelium dcie/opint 
man\ short branches, D, E, spores stained e\ith Oiemsa to show tin niidn uni lil-htl'’ 
counterstained with safranine Y, H, 1, aerial In pbae about read\ to form spun s, I \omit: 
colonies forming stiff laiender aerial hi phae »S laicurlulae 1 , 0 , lerial In jili n dniwmc 
characteristic spirals 

Photographs B, C, G, I taken wath 4 mm dr\ objeefne and X 10 ocu! ir U'lng inmi' 
material grownng on agar co\ercdglassmicroseopeco\crslips (magnification X tiO) •’t"'" 
graphs F, H, and J taken from Ining cultures on agar with Hi mm ohjittisi uni / 1 
ocular (magnification X 150) Photographs D and L taken with 1 S mm oil iiiinn r-n'ij 
objectiee and X 10 ocular (magnification, X '?,000) using Gicmsa ‘-tuincd m iti n d itnnuiff o 
in "permount ” 


spoies aie uninucleate as determined In Gicni'T ‘■taming’ ffignn 1 Dll 
IMjcelium and spoies arc gram-posituo 

‘ V spore suspension in distilled w atcr IS fixed on i dide b\ uni rung i li uiging dmc ^ 
oxer 2 per cent osmte acid solution for 5 minutes and dn uig 111 itr \fti r i i-luu- f' I’’ 
minutes in water the slide is stained in Gicm^a “olution pho ph ue Imfff r pff < ( n u . 
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PHYSIOLOGY 

Spores of Streptomyces venezuelae were soivn on various media and incubated 
at room temperature or at 28 C m order to establish a spectrum of nutntional 
sources and of effects on certain differential media The results are compiled 
in table 1 

STEEPTOiryCES VENEZUELAE VS STREPTOMYCES LAVENDULAE 

Since Streptomyces venezuelae resembles S lavendulae m certain respects (Carter 
et al , 1948), cultures of the two species were compared in a vanety of ways m 
order to obtain data on which to judge whether or not they might reasonably be 
regarded as separate species 


Morphology 

Several conspicuous differences m morphology between cultures of Strepto- 
myces venezuelae and S lavendulae are apparent upon mspection of the charac- 
teristics shown in table 2 


Physiology 

Nutritional spectrum and sporulation Cultures of Waksman’s stram 8 of jS 
lavendulae were compared with both cultures of S venezuelae in the nutrition tests 
reported above Although the three cultures gave essentially similar results in 
the majority of the test media, the two S venezuelae strains differed from S 
lavendulae in their abihty to utilize a number of carbohydrates These differ- 
ences are shown in table 3 (A) The two species differed also in their require- 
ments for sporulation, as shown in table 3 (B) 

Antibiotic production In order to determine whether Streptomyces venezuelae 
differs from <S lavendulae in the nature of the antibiotics produced m different 
media, the two cultures of <8 venezuelae and the Parke, Davis subculture of 
Waksman’s stram 8 S lavendulae were grown m shaken flasks m media Icnown 
to favor biosynthesis of chloromycetin and in others favorable to streptothricin 
formation The results of one of several such tests are shown m table 4 and 
figure 2 ® 

When the flask cultures were assayed for streptothricin content against two 
test bacteria known to be sensitive to streptothricin but relatively msensitive to 
chloromycetm (table 4), the two strains of S venezuelae were seen to have pro- 
duced antibacterial material equivalent to from < 1 to 5 5 streptothricin units 
per ml in all three media, whereas S lavendulae had produced close to 100 strep- 
tothricm units in a streptothricin medium, approximately 15 umts in one chlor- 

ml of dye solution (0 5 g National Aniline Division powder in 33 ml glycerol plus 33 ml 
methyl alcohol) in 30 ml buffer The slide is allowed to stain until a colored spot becomes 
visible on the slide (about 15 minutes), then it is decolorized in acetone, eounterstained in 
aqueous safranine, and dehydrated up through a series of acetone-vylol mixtures until in 
pure xylol The preparation is mounted in “permount” or other similar material The 
nuclei stain blue and the rest of the cell is red — R B 

' Robert M Smith of Parke, Davis and Company grew the shaken cultures 
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TABLE 1 

Response of S venezuelae to various media 


A Miscellaneous 


SUBSTEATE 

DAXTENTSC 

OniER EmCTS 

Gelatin 

-1- 

Liquefaction 

Litmus milk 

+ 

Peptonization, basic rcac 
tion 

Nitrate broth 

+ 

Reduction to nitrite 

Kdigler iron agar 

+ 

HjS production 

Tryptone broth 

+ 

No indole production 

Dorset egg agar 

+ 

— 

Potato plug 

4“ 

— 

Tyrosine broth 

+ 

— 

Glucose nutrient agar 

+ 



B Nitrogen sources 


Medium Synthetic agar* + 1% starch + N source at cone of 0 106 g N per liter 


N SOtlECE 

CEOvmi 

Ammonium sulfate 

4- 

Sodium nitrate 

4" 

Sodium nitrite 

+t 

Acetamide 

Slight 

Asparagine 

+ 

i/-Tyrosine 

+ 

DL-Tryptophan 

+ 


C Carbohydrate sources , 

Medium Synthetic agar* + 0 264% (NHthSOt + CEO source at concentrations indicate 

below 


Pentoses 
Arabinose 
Rhamnose 
Hibose 
Xylose 

Hexoses 
Glucose 
Galactose 
Fructose 
Mannose 

* KHiPOi 
K-HPO. 

MgSO, 7H.0 
CuSO. 5H O 

i7oQn 7TTO 0 0011 " Medium aci;usiea lo pxi V 

t ?he cultur'es failed to grow in the presence of sodium nitrite at a concentration - 

grams per liter 



MnCli 4HiO 
ZnSOi 7H,0 
Difeo agar 
Distilled iiater 
Medium adjusted to pH 0 8-7 0 


0 0070 g 

0 0015 " 

15 0 " 

1 liter 
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TABLE 1 — Continued 


CHO SODRCE 

CONCENTBATIOK 

CKOWTH 

Disaccharides 

per cent 

1 0 


Cellobiose 



Lactose 



Maltose 


+ 

Sucrose 


Slight 

PolysacchandeB 

1 0 


De\tnn 



Inulin 


Slight 

Rafiinose 


Slight 

Starch 


+ 

Polyhj dric alcohols 

1 0 


Dulcitol 


Slight 

Erythntol 


Slight 

Glycerol 


+ 

Inositol 


Slight 

Mannitol 


— 

Sorbitol 


Slight 

Sodium salts of organic acids 

0 15 


Acetate 


4- 

Citrate 


+ 

Formate 


— 

Malate 


Slight 

Oxalate 


— 

Salicylate 


— 

Succinate 


+ 

Tartrate 


— 

Miscellaneous 

o-Cresol 

0 1 



m-Cresol 

0 1 

— 

p Cresol 

0 1 


Phenol 

0 1 

— 

Salicin 

1 0 

+ 


TABLE 2 

Some morphological characleristics of S venezuelae and S lavendulae 


CHABACTESISTIC 

s VENErUELAE* 

S LAVENDtriAXt 

Colony color before sporula- 
tion 

Gray to light tan or pmk 

Lavender 

Spore color in mass 

Tan to gray 

Pink to lavender 

Aerial hyphae 

Stiff and straight 

Markedly curved 

or slightly curved 

or spirals 


(F)g 1 J, H, I) 

(Fig 1 F, G) 

Spore size in microns 

0 7-1 6 X 04-09 

16-20X10-12 


*PD 04745 and 111 8-44 
t Waksman 8 


omj'cetm medium, and only 5 m another Both S venezuelae cultures differed 
from )S lavendulae also m their relative activity against Bacillus suhlilis and Es- 
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cJienchia coh, their coli subtihs ratios being 3 3 to 4 3 and 0 7 to 1 2, respectn eh , 
in all three media 

When the flask culture filtrates were tested for antibacterial titer and ass-wcd 
for Chloromycetin content agamst a test bacterium known to be sensitiie to 
chloromycetm (figure 2), the two S venezuelae cultures ivere seen to hue pro 
duced similar amounts of antibacterial material in all three media, nhereas 5 
lavendulae had produced little measurable activity m the streptothncin medwim 
and less m the two chloromycetm media One of the two cultures of S rcnc- 


TABLE 3 


Some physiological characteristics of S venezuelae and S lavendulae 


CUlTtTXE UEDimr 

S VElTEnTELAE 

s LA\TM)rt.u: 

A Carbohydrate utilization 


Pentoses 



Arabinose 

+ 

? to — 

Rhamnose 

+ 

? to - 

Ribose 

Slight 

- 

Xylose 

+ 

? to - 

Others 



Lactose 

+ 

Slight 

Fructose 

+ j 

? 

Sodium acetate | 

+ 1 

“f- to 

B Sporulation 



Moyer’s penioillium 

! + 

1 

' ± to — 

sporulation agar 


Synthetic agar (table 1) 


+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ glucose and asparagine 
+ B vitamins 
+ casein hydrolj zate 

± to — 

± to — 

± to — 

+ yeast extract 
+ tyrosine 

Yeast-beef agar 

Glucose tryptone agar 

± to — 

± to — 

± to — 

± to — 


+ = positive, ± = sparse, - = negative, ? = doubtful 


zuelae was slightly more productive than the other in all three media The tno 
cultures did not vary in their response to the different media both 
yields m medium B than m A and, oddly, both were most productive m O, tnc 

streptothncin medium , , u .tv a 

Thus, S lavendulae m a streptothncin medium showed high activi i 

streptothncm assay and low activity by a chloromycetm assaj, ^ 

chloromjcetm media it showed low activity by a streptothncin assav 
by a chloromj'cetm assay S venezuelae, on the other hand, shoved 
m all three media by a streptothncin assaj and relativclj high acti i 
media by a chloromjcetm assaj' 
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In order to compare the antibiotic substances produced by the three strains, 
the shaken flask cultures of /S venezuelae grown in medium A and S lavendulae 
grown m medium C (table 4, figure 2) were fractionated® as sho^vn in figure 3 

TABLE 4 

Anltbacterial aclivily (slreptothricin units per ml) vs E coli and B suhltlts of S venezuelae 
and S lavendulae in three shaKen euUure media 


AOTIBACTEKIAL ACTIVIIY OF SHAKEN ElASK CDITUEES OF 


CULTURE MEDIUM 
EAVORABIX rOR 

ASSAY SPECIES ; 
USED 

S venezuelae 

S lavendulae 

PD 

0474S ' 

ni 

8-44 

Waksman 8 

Potency 

Ratio 

Potency 

Ratio 

Potency 

Ratio 



1 

u/mt* 

E c IB s 

u/ml* 

Ec/Bs 

ulml* 

Ec/BS 

Chloromycetm 









A 

E 

eoli 

5 5 

4 2 

4 3 

>4 3 

16 

1 1 


B 

subl 

1 3 


<1 0 


14 


B 

E 

coll 

4 1 

>4 1 

3 3 

>3 3 

5 8 

1 2 


B 

subt 

<1 0 


<1 0 


4 7 


Streptothnem 

E 

coll 

3 7 

>3 7 

3 9 

>3 9 

74 

0 7 

C 

B 

subt 

<1 0 

i 

<1 0 

1 

105 

1 


Composition of media (percentages) 



A 

B 

C 


Carbo- 

Glycerol 

1 0 

Cerelose 

1 0 

Maltose 

2 0 

hydrate. 


1 


1 



Nitrogen 

Hog stomach residue 0 5 

Soy bean oil meal 

1 0 




Supple- 

B-Y fermentation 


Curbay BG (USIC) 

0 05 


|corn steep liquor 

6 0 

ment 

solubles (CSC) 

0 5 






Salt 

NaCl 

0 6 

NaCl 

0 5 

NaCl 

0 2 


CaCOj 

0 1 

CaCO. 

0 1 

KjHPOi 

0 2 


* Potency is eiqiressed as streptothricin units when assayed by the paper disk agar plate 
method with a standard curve plotted from dilutions of a streptothricin sulfate preparation 
kindly supplied by Dr George F CartlandofThe Upjohn Company, Prep no 239-WGJ-4, 
assumed to contain 400 streptothricin units per nulligram Each potency figure in the 
table represents the mean of triplicate flasks shaken for 5 days at 22 to 24 C These assays 
were performed by Mrs Frances E Guest, Dorothy E Kohberger, and Blanche M Duck- 
worth of Parke, Davis and Company 

Because chloromycetm is more soluble in ethyl acetate than m water and strepto- 
thnem IS relatively msoluble m ethyl acetate, it w'as reasoned that assayable 
activity m the aqueous layers could be streptothnem, whereas that m the solvent- 
extracted residues could be regarded as chloromycetm but not streptothnem 

' Dr Quentin fl Bartz of Parke, Davis and Company directed the fractionations 
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The experimental data compiled m table 5 lead inescapably to the conclusion 
that the two strains of S venezuelac produced no streptothricm and thatS laun 
dulae produced no Chloromycetin The aqueous layers from the sohcnt-c\ 
tracted S nenesiiciae filtrates exhibited practically no activity against B suh!tlis, 
whereas the solvent-extracted residues contained all or nearly all of the actnili 
of the filtrates when assayed against Shigella In contrast, the aqueous Imcr 



DllUTION OF SHiKEH CUnURt FllTRllE 

S VEKEZl/FHE S VENEZUEUE ^ l»VEi.jliHE 

P D OX7>f5 III 8 ® 


Figure S Antibacterial activity (per cent of inhibition over dilution, and cquiialont 
micrograms chloromycetm per ml) vs Shigella paradysenlertae (Sonne) of S teneMtc 
and S /oeentiuZae in three shaken culture media , „ , 

These assays were made on Seitz filtrates of the same shaken flask cultures as Uio 
table 4, but after 6 days They were performed by a turbidimetnc broth dilution mcnioi , 
employing a crystalline chloromycetm standard for the gravimetric estimates P? , 
(Josly n and Galbraith, 1947, Smith el al , 1948) The assays were run by Dinght A Jo iv 
and Mrs Margaret Galbraith of Parke, Davis and Company 


from the 5 Zauendulue filtrate exhibited considerable actnitj against/? sulFilr, 
but the soh ent-extracted residue shoved practicall} none Aho notcuortln ^ 
the relative stabihty of the S venezuelac culture filtrates at pH 9 5 and IV J ^ 
(charactenstic of chloromycetm but not of streptothncin) in contrast to s'* 
expected mstabihty of the S lavendtilae filtrate under these conditions 

Svscephbihly to aciinophages The appearance of an actinophage m a ' 
culture of the P D 04745 strain of S venezuelac provided the opportuni v ^ ^ 
ascertain whether or not the available strains of S lenczurlae, Slrepto^’j 
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gnseiis, and S lavendulae were all susceptible to the same actmophages The 
two strains of <8 venezuelae and two strains of S lavendulae were seeded on the 
surfaces of agar plates and streaked with Seitz filtrates of actinophage-contaimng 
shaken cultures of the P D strain of S venezuelae and two strains of S gnseus 
Actmophages were not available from the 111 8-44 strain of ;S venezuelae or from 
S lavendulae Plates seeded with S gnseus strains were also included m order 
to check on the susceptibility of these strains to the available actinophage-con- 
taming filtrates Table 6 shows the results of these experiments Both strains 



Figure S Fractionation of shaken cultures of S venezuelae in medium A and S laven- 
dulae in medium C 

of S venezuelae but neither of the two strams of S lavendulae were lysed by the 
actmophage from P D 04745, thus contributing another pomt of difference 
between the two species The four S gnseus strains were unaffected by the S 
venezulae phage but all — ^insofar as tested — ^were susceptible to at least one of the 
S gnseus phages Exceptmg one unexplamed result, no strain of S venezuelae 
or iS lavendulae was susceptible to any of the S gnseus phages agamst which it 
was tested It may be noted that these limited data constitute examples of 
specificity among these actmophages, that is, each of these phages proved able 
to lyse all the tested antibiotic-producmg strains of the actinomycete species from 










TABLE 5 

Anhhaclenal activity of fractions from shaken cultures of S venezuelae in medium .1 and S 

lavendulae in medium C 



DISK PLATE ASSAY VS B 
SDBTILIS, A T C C 6633 

TCBDIDIUETRIC ASSM IS SniGELU 

TERIAE (SOVN-R), r D W635 

FEACTIOK 

S vtnttMtlat 

S laven 
dulae 

5 tene.uetac 

S laten 
dulac 

S tenrve'it 


PD 

0474S 

III 

8-44 



III 

8-44 


1331 

III 

8-41 


slreptothrtctn umts/ ml 

dilution causing 50% mhit 

Lj chhrartyce ii r 

Culture filtrate 

3 

2 

72 

265 

182 

36 

49 

3S 

Stability tests 
pB ®C mtrt 









2 0 20 30 

— 

— 

72 

240 



45 

37 

2 0 100 15 

— 

— 

72 

235 


— 

44 

31 

9 5 20 30 

— 

— 

76 

245 


24 

48 

41 

9 5 100 15 

— 

— 

15 

195 

1 170 

<1* 

1 38 

34 

Aqueous layer 

<1 

0 

56 

-t 

-t 

-t 

-t 

-t 

Aqueous solution of residue 
from ethyl-acetate ex- 









tracted fraction 

60 

57 

<2 

4,260 


<n 



Yield Total activity of residue + total activity 
of filtrate 

80% 

103% 

— 

94% 

lore 


* 1-10 dilution caused only 20 per cent inhibition 

t These values are low and have no significance because the ethyl acetate diisolicci in 
the water possesses activity against Shigella paradysenteriae (Sonne) in this test 
J 1-10 dilution caused less than 20 per cent inhibition 
§ Estimated without standard curve for day tested 


TABLE 0 

Susceptibility of strains of S venezuelae, S griseus, and S lavendulae to aetinoplmge 
containing culture filtrates of some of these strains* 


L\SIS or ACAB PLATE SEEDIVCS OF 


ACTDaOPHACE CONTAININC 
CULTUBE FILTRATES OF 

S xtnt udae 

S lavendulae 


5 griltUI 



PD 

04745 

III 8-44 

Wt8 

W 14 

W 4 

W 9 

W 10 

\\ 10 

)S venezuelae 

P D 04745 


Sl + 

1 

0 

0 

0 

0 

0 

0 

S griseus 

W 4 (Upjohn subcult ) 

W 9 (P D “ ) 

W 9 (Lillj “ ) 

j 

0 

01 

0 

0§ 

0 

0 

0§ 

1 

4" 

+ 

-f- 

+5 

+ 

I 

J- 


^E.\cepras otherwise Lted, these tests were made bj Robert M Smith of Parke 

and Companj 

f W = WaLsman , n . 

t Gottlieb’s result, but Colingsworth (Gottlieb et al . 1048) obtained 1'B'S 
§ Lilh results, Lindlj communicated bj Dr J M McGu.rcof the L.lb Research I -t 

tones 


4"6 
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which it had been isolated, but none of the tested strains of other actinomycete 
species 

Serological comparison of cultures ^ Rabbits were immunized for 3 5 months 
with weekly mtravenous injections of salme suspensions of hvmg mycehum and 
spores of the cultures The sera were then tested for precipitins against antigens 
prepared as salme extracts of the fungi Strong precipitation occurred between 
the sera and the homologous antigens of each strain and between the sera and 
heterologous antigens of the S venezuelae strams Weak reactions occurred 
between the sera and heterologous antigens of S lavendulae and the S venezuelae 
strams 

The demonstration of strong cross reactions between the S venezuelae strams 
IS mterpreted as further evidence of their specific identity, and the absence of 
cross reactions between either of them and S lavendulae as further evidence that 
they are specifically distmct from S lavendulae 

SUMMARY 

The actmomycetethat produces “chloromycetin” is desenbed as a new species 
for which the name Sireptomyces venezuelae is proposed 

The decision to regard S venezuelae as a species distmct from the somewhat 
sinular Sireptomyces lavendulae is based on differences in morphology, nutrition, 
antibiotic production, susceptibihty to actmophages, and serological reactions 
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^ These tests were performed in the Research Laboratories of Parke, Davis and Com- 
pany by Dr A B Hillegas and Miss Marion McCracken, who will report their work in 
detail at a later date 



THE INFLUENCE OF SUBCULTURE MEDIA ON RESULTS 
OBTAINED IN DISINFECTANT TESTING 
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It has been known for a long time that some disinfectants have such great 
bacteriostatic activity that slight traces of the disinfectant earned over into 
ordinarj’- subculture media prevent the grov'th of test organisms without killin g 
them One way of overcoming this diflSculty has been to add a neutrahzmg 
agent to the subculture media as, for example, ammomum chloride is added when 
formaldehyde is being tested However, with phenol and many other disin- 
fectants it has been assumed that simple dilution w^as sufficient to elimmate the 
bacteriostatic effects of the small amount of disinfectant that may be carried 
over 

This commonly accepted assumption has been challenged by Flett and his 
associates (1945) They report that by addmg activated charcoal or feme 
chloride to the broth used m determining phenol coefficients by the FDA method, 
it was possible to secure growd;h after exposure to dilutions of phenol which 
appeared to kill the test orgamsms when subcultures were made mto the regular 
FDA broth / 

In attempting to dupheate the results reported by Flett and his associates, 
a number of comparative tests were made with Staphylococcus aureus and Eber- 
thella typhosa as the test organisms, grown in FDA broth A series of experiments 
were earned out with feme chloride and a second senes with activated charcoal 
In each experiment of the first series parallel subcultures were made m FDA 
broth with and without the addition of feme chloride The feme chlonde stock 
solution was a 1 per cent solution of anhydrous feme chlonde Two different 
samples of feme chloride were used, and one of the stock solutions was subjected 
to chemical analysis, which showed that the solution contamed chlorine and iron 
in the proper amounts and proportions for a 1 per cent solution The results 
obtamed are shown in table 1 With both test orgamsms the addition of feme 
chlonde to the subculture medium made no difference m the results When 
Staphylococcus aureus was the test organism and the amount of feme chlonde 
added was 0 1 per cent, there was less growth, due undoubtedly to acidity of the 
culture medium Similar experiments were also conducted m which subcultures 
were made mto beef extract broth containmg 0 1 per cent of “nont ” In these 
experiments, also, no appreciable amount of mcreased growth was noted In 
order to ascertain whether other fattors might mfiuence the results, a senes of 
experiments were then conducted in which some subcultures were made m beef 
extract broth and some in beef infusion broth Each of these subculture media 
contamed 1 per cent of Armour’s peptone, and they were adjusted to approxi- 
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TABLE 1 

Effect of addition of feme chloride to subculture medium 


DISINrECTANT 


DII.17 

TJON 


FeCIl 



EXPOSOEE THIE (in minutes) 


25 


1 15 0 


ItSTOJCWSK 


E-^penment 1 



1 

% 








Phenol 


None 

- 

- 

- 

- 

- 

- 

Staphylococcus au 


1-55 


+ 

— 

— 

— 

— 

— 

reus grown in 


1-60 


+ 

+ 

“1“ 

— 

— 

— 

beef extract 


1-65 


+ 

4- 


+ 

4- 

4- 

broth 


1-50 

0 03 



— 

— 

m 

H 

iH 



1-55 



— 

— 






1-60 


+ 


+ 


H 

H 



1-65 



+ 

+ 

4- 

+ 

+ 



1-60 

None 


— 

— 

1 — 

— 


EbcrthcUa typhosa 


1-70 


4- 

— 

— 

— 

' — 

— 

grown in beef 


1-80 


+ 

4- 

-4“ 

— 

- 


extract broth 


1-90 


I + 

4- 

+ 

4- 

4- 

+ 



1-60 

0 03 

— 

— 


— 

B 

Bi 



1-70 


+ 

— 

— 

■IMI 





1-80 


+ 


“h 

4- 





1-90 


+ 

+ 

+ 

4- 

4- 

4- 



1-55 

None 

4- 

_ 




— 

1-60 


4- 

4- 


— 

— 


1-65- 


4- 

4- 

4- 

— 

— 


1-70 


4- 

4- 

4- 

4- 

4- 

+ 

1-55 

0 05 

4- 

— 

— 

- 

- 

- 

1-60 


+ 

4- 

— 

— 

— 


1-65 


4- 

4- 

-}■ 

4- 

— 


1-70 


4- 

4- 


+ 


4- 

1-60 

0 1 

— 

— 

- 

- 

- 

- 

1-65 


4- 

— 

— 

— 



1-70 


+ 

4- 

+ 




1-70 

None 

4- 

— 

— 

- 

- 

- 

1-75 


+ 

4- 

— 

— 



1-SO- 


4- 

+ 

4- 

— 



1-85 


4- 

4- 

+ 

+ 

+ 


1-70 

0 03 

4- 

— 

— 

- 

- 

- 

1-75 


+ 

4- 

4 - 

— 



1-80 



4- 

4- 

4- 



1-70 

0 1 

4- 

— 

- 

- 

- 

— 

1-75 


4 - 

4- 

4- 

— 



1-80 


+ 

4- 

4 . 

-f* 




Phenol 


Staphylococcus au 
reus grown m 
beef CTtracl 
broth 


Eberlhclla l’jptn<a 


grown in 

extract broth 




Experiments conducted at 20 C 


4S0 
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mately the same pH The results obtained with phenol as the disinfectant are 
shown in table 2 There was no difference between the results on the two sub- 
culture media when Staphylococcus aureus was the test organism, but there was 

TABLE 2 


Comparative tests with beef extract and beef infusion subculture media 


DISIN 

rCCTANl 

DllTJ 

TION 

SUBCULTURE MEDrXJM 

EXPOSOIE TIME (m UUroiES) 

TEST OEGANISit 

25 

SO 

B 

10 0 

12 5 

1 50 

Phenol 

IS 

Beef extract 

— 

— 

B 

— 


B 

Staphylococcus aureus 



broth 

-h 

+ 

B 

- 

— 

B 

grown in beef ex- 


1-60 


+ 

+ 

-f- 

— 

— 

B 

tract broth 

1 

1-65 


+ 

+ 

4- 


4- 

4- 



1-70 

1 

+ 

+ 

4- 

+ 

4- 

4- 



1-50 

Beef infusion 





B 


B 



1-55 

broth 

+ 

— 

— 

B 


B 



1-60 

i 

-h 

-h 

4- 

B 


B 



1-65 

1 

1 

4- 

+ 

4- 

4- 

4- 

4- 



1-70 


+ 


+ 

4- 

4- 

“f~ 



1-65 

Beef extract 

1 


— 


B 

B 

Eberthella typhosa 



broth 

+ 

— 

— 

— 


B 

grown in beef ex- 




+ 1 

+ 

— 1 


B 

B 

tract broth 


1-80 


+ I 

+ 

+ 

4- 


B 



1-85 


+ 

+ 

4- 

4- 

4- 

4- 



1-60 

Beef infusion 

-f- 

_ 

— 


— 

— 



1-65 

broth 

+ 

+ 

— 

- 

- 

- 



1-70 


+ 

+ 

4- 

4- 

4- 

— 



1-75 


-f- 

-h 

4- 

4- 

4- 

4- 



1-80 


+ 

+ 

4- 

4- 

4- 

4- 

1 


1-65 

Beef extract 






B 

B 

B 

Escherichia coli grown 


1-70 

broth 

+ 

+ 

— 

B 

B 

B 

in beef extract broth 


1-75 


+ 

+ 

4- 


+ 

B 





+ 

1 

+ 


+ 

4- 

4- 



1-60 

Beef infusion 

+ 



— 

— 

— 

— 



1-65 

broth 


4- 

4- 

— 

— 

— 



1-70 


+ 

+ 

4- 

4" 

4- 

4~ 



Experiments conducted at 20 C 


a decided difference when the test organism was Eberthella lyphosa or Esch- 
erichia coll 

Similar experiments were conducted with orthocresol, paracresol, liquor cresolis 
saponatus, parabutylphenol, orthochlorphenol, normal butyl alcohol, and a coal 
tar emulsion disinfectant There was practically no difference, except when 
orthochlorphenol was the disinfectant, in growth with the two subculture media 
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when Staphylococcus aureus was the test organism With orthoclilorphcnol, 
there was more growth m beef infusion broth than m beef evtract broth 
There was practically no difference with Eberthella iyphosa as the test organi-ra 
when the disinfectants were hquor cresolis saponatus or coal tar emulsion dism 
fectant, both of which contained soap On the other hand, decided difTercncca 
in results obtamed with the two subculture media were noted with Ehcrlhdh 
iyphosa and Escherichia coh as test organisms and orthocresol, paracrcsol, pan 
butylphenol, orthochlorphenol, and normal butyl alcohol as the dismfectant-- 

TABLE 3 


Effect of addition of coconut oil soap upon germicidal eficiency of phenols 


dishtteciant 

DILUTION 

SUBCULTUIE 

IfEDIUU 

EXPOSDM xnn: 

(zs UrWTES) 

TEST OICLV15tf 

2 5 

: s 

1 

; 10 

12 

'1 " 


Phenol alone 

wm 

Beef extract 

4 

• ^ 


. _ 

- 

j 

Staphylococcus on 


l-fiO 

broth 

4 

• 4 

4 

. _ 

- 

. — 

reus grown in beef 


1-65 


4 

■ 4 

4 

■ 4 


- - 

extract broth 


1-70 


4 

• 4 

4 

■ 4 

4 

‘ 4 


Phenol + coconut oil 

1-75 

Beef extract 

4 

. — 

. — 

B 


. _ 


soap = 1/2 phenol 

1-80 

broth 

4 

• - 

- 

E 


• — 



1-85 


4- 

4 

■ — 

E 


• ~ 





+ 

4 

4 

4- 

— 




1-75 

Beef infusion 

4- 

— 


— 

- 

— 




broth 

+ 

4 

- 

- 

— 




1-85 


4- 

4 

4 

- 

- 






+; 

4 

“I" 

4 

— 

j 

— 

Phenol alone 


Beef extract 

1 + 


— 

— 

- 

- 

Eberthella typlr’a 



broth 

+ 

4 

; — 

; — 

1 — 

— 

grown in 




4- 

4 

4 

4 

- 

- 

extract 


1-85 


4- 

4 

4 

4 

4 



Phenol alone 

1-60 

Beef infusion 

+ 

- 

B 

B 

- 

- 



1-65 

broth 

+ 

4“ 

B 

B 

— 

■ 



1-70 



4 

•4 

4 


— 



1-75 


4- 

■f 

4 

4 

4 

4 


Phenol coconut oil 

1-180 

Beef extract 

-t 

- 

B 

B 

- 

- 


soap = 1/2 phenol 

1-200 

broth 

4- 

4 

B 

B 


“ 



1-220 


4- 

4' 


B 





1-240 


-i- 


4 

4 





1-180 

Beef infusion 

M 


- 

- 

- 

- 



1-200 

broth 

O- 

4 

— 

— 

- 

- 



1-220 



— 

4 - 

— 

— 

"j 



1-240 


J-! 

1 

-i- 

t 


1 


— 
































TABLE 3 — Continued 






EMOSmE TI1£E 



DISINTECTANT 

DatTTIOV 

SITBCUXTCttE 

UEonm 


(a lOCTIES) 


TEST ORGAKISir 




25 

5 

75 

10 

12 5 

IS 


Phenol alone 

1-65 

Beef extract 











Escherichia colt 


1-70 

broth 

+ 

+ 

— 

— 

— 

— 

grown in beef ex- 


1-75 


+ 

4" 

+ 

+ 

+ 


tract broth 


1-60 

Beef infusion 












1-65 

broth 

4' 

+ 

+ 


— 

— 



1-70 


+ 

+ 

+ 


+ 

4~ 


Phenol + coconut oil 

1-180 

Beef extract 

+ 

+ 








soap = 1/2 phenol 


broth 

+ 

+ 

— 

— 

— 

— 



1-220 


4“ 

+ 

— 

— 

— 

— 



1-240 


4~ 

+ 

+ 

+ 

— 

— 



1-260 


+ 

+ 

+ 

+ 

+ 

— 



1-180 

Beef infusion 

+ 













1-200 

broth 

+ 

— 

— 

— 

— 

— 



1-220 


+ 

+ 

+ 

— 

— 

— 



1-240 


4" 

+ 

+ 

— 

— 

— 


Orthocresol alone 


Beef extract 

4" 

— 

_ 

— 


— 

Staphylococcus au- 


R ^ 

broth 

4- 

4 - 

+ 

— 

— 

_ 

reus grown in beef 




+ 

+ 

+ 

4 - 

+ 


extract broth 


1-100 

Beef infusion 


■ 








18 1 J 

broth 

4 * 


+ 

+ 

— 

— 



liil 


+ 

11 

+ 

+ 

4 - 

+ 


Orthocresol + coconut 

1-100 

Beef extract 

— 

■ 



— 

— 




oil soap = 1/2 ortho- 


broth 

+ 

+ 

+ 

— 

- 

- 


cresol 



+ 

+ 

+ 

+ 

+ 

+ 


Orthocresol -1- soap 

1-100 

Beef infusion 



— 



— 

— 



1-140 

broth 

+ 

+ 

+ 

— 

— 

— 



1-180 


+ 

+ 

+ 

+ 

+ 

+ 


Orthocresol alone 

1-140 

Beef extract 

+ 




B 

— 

Eberthella typhosa 


1-150 

broth 

+ 

+ 

+ 


B 

— 

grown in beef ex- 


1-160 


+ 

+ 

+ 

+ 

4 " 

— 

tract broth 


1-120 

Beef infusion 

+ 

B 









1-130 

broth 

+ 

B 

- 

B 


- 



1-140 


+ 

B 

+ 

+ 


— 



1-150 


+ 

B 

+ 

+ 


+ 


Orthocresol -p coconut 

1-280 


+ 

— 

_ 

— 

— 

— 


oil soap = 1/2 ortho- 

1-320 


+ 

+ 

— 

— 

— 

— 


cresol 

1-360 


+ 

+ 

+ 

— 

— 

— 



1-400 


+ 

+ 

+ 

4 " 


— 



4S3 
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TABLE 3 — Concluded 






nxposxnu: msr 



OISDUXCTANI 


f SCBCDtTUSS 



(m iOVTITES) 





sfziDnm 







TEST OICLKISU 




25 

: s 

75 

: 10 

12 

5 15 



1-280 

Beef infusion 

-t 








1-320 

broth 

-f 

• -f 

* ^ 

. ^ 


_ 



1-360 


-t 

• 4 

- 4 

. — 





1-400 



-f 

■ 4 

• 4 

■ - 

- 


Orthocresol alone 

1-160 

Beef extract 

+ 





~ 


Escherichia coh 


1-180 

broth 

+ 

-f- 

— 

— 

— 

— 

grovra in beef cj 


1-200 


+ 

+ 


+ 

4- 

+ 

tract broth 


1-140 

Beef infusion 

+ 

+ 



_ 




' 1-160 

broth 

+ 

+1 

+ 

+ 

+ 

+ 



1-180 


+ 


4- 

-f 

+1 

4- 


Orthocresol + coconut 

1-360 

Beef extract 

“1“ 


_ 


_ 

T 


oil soap = 1/2 ortho- 

1-400 

broth 


4- 

— 

_ 





cresol 

1-440 


-f- 

4- 


4- 


— 



1-480 


+ 

+ 

4- 

-1- 

+ 

— 



1-360 

Beef infusion 

+ 




— 

•• 



1-400 

broth 

+ 

4- 


— 

— 

— 



1-440 


+ 

4- 

4- 

— 

— 

— 



1-480 


+ 

4- 

4- 

-t- 

+ 

— 



Experiments conducted at 20 C 


The results obtained m experiments with phenol or orthocrcsol and «ith 
out the addition of coconut oil soap are shotvn in table 3 The amount of soap 
used was one-half of the amount of phenol or orthocresol used The addition of 
coconut oil soap caused a decided mcrease m bactericidal efficiency against all 
three test organisms, but less against Staphylococcus aureus than again't f b^r 
ihella iyphosa or Escherichia colt This mcreased efficiency Mas not affected 
by the use of beef infusion subculture media 

The results obtamed in a number of phenol coefficient tests arc shown in tihlo 
4 The differences between phenol coefficients obtamed with beef extract and 
beef infusion subculture media were less than 10 per cent with all of the di'm 
fectants except the two cresyhc disinfectants 

It seemed possible that increased growth m beef infusion subculture media 
might be due to the presence of growth factors such as those demon'^tnted I' 
Koser and Saunders (1935) in \eal infusion A comparative cxpenmmt i'*-^ 
therefore made MUth phenol as the disinfectant and Ebcrlhella lyphca (fm tr 
organism with subcultures made (1) into beef extract broth, (2) into beef infu > 
broth, and (3) mto beef infusion liroth uhich had been treated vith nont a 
suggested by Koser and Saunders The results obtained v ith the tuo ir u 
Sion media were practically identical 
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TABLE 4 


ResiiUs of phenol coefficient tests with beef extract and beef infusion subculture media 
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TABLE 4 — Continued 


DISINJECTAM 


Pheno] 

Orth ocb] orpbenol 


1-80 


1-220 

1-240 

1-260 

1-280 


SDBCDLTDSX 

MEDIOU 


Beef extract 
broth 


rxrosnSE inie 
(m jmnjTEs) 


+ - 


7 5 


10 


12 5 15 


+ 


rntsoL cocrrni\rj 


- - 240/SO = 3 0 


+ 


+ 


Phenol 


Orthochlorphenol 


1-65 


1-190 

1-200 

1-210 

1-220 


Beef infu 
eion broth 


+ 


+ 


+ 


+ 


200/65 = 3 07 


+ 


Phenol 


Sodium orthophenyl' 
phenate 


1-80 


1-1,800 

1-1,900, 

1 - 2,000 

l-2,100i 


Beef extract 
broth 


Phenol 


Sodium orthophenyl- 
phenate 


1-65 


l-l,500j 

1-1,600 

1-1,700| 

1-1,8001 


+ 


+ 


Phenol 


Coal tar emulsion dis- 
infectant 


1-80 


1-400 

1-450 

1-500 

550 


Beef infu- 
sion broth 


+ 


Beef extract 
broth 


Phenol 


Coal tar emulsion dis- 
infectant 


1-65 


-300 

350 

1-400 

1-450 


+ 


Beef infu- 
sion broth 


+ 


+, 


1,800/80 ■= 21 5 


+ 


1,600/65 = 213 


-f 


400/80 


%'/} C'> « '' ’’ 




















1948] INFLUENCE OF SUBCULTUHE MEDIA IN DISINFECTANT TESTING 487 


TABLE 4 — Concluded 



Experiments conducted at 20 C 

Test organism Eberlhella typhoaa grown in beef extract broth 


In another expenment beef infusion was boiled, with 2 per cent of norit added 
to it After filtration to remove the nont, the filtrate was used for making a cul- 
ture medium containing the same amoimts of peptone and sodium chloride as 
the regular beef infusion medium and adjusted to the same pH The results 
obtained with this subculture medium were the same as those obtamed with the 
regular beef infusion medium In view of the results obtamed m these experi- 
ments, it does not seem likely that the presence of growth factors was responsible 
for the results reported previously in table 2 

SDMMABY 

Experiments with phenol as the disinfectant and Staphylococcus aureus and 
Bberthella iyphosa as test orgamsms were conducted with the FDA subculture 
medium with and without the addition of ferric chloride or “nont” to the sub- 
culture medium No significant difference in growth was noted m the medium 
containing ferric chloride or nont 

Comparative experiments were made with beef extract and beef infusion sub- 
culture media, usmg phenol as the disinfectant and Staphylococcus aureus, Eber- 
lhella typhosa, and Escherichia coh as test organisms No differences between 
amounts of growth m the two media were noted when Staphylococcus aureus was 
the test oiganism, but decidedly greater growth m beef infusion broth was ob- 
served when Eberthella typhosa and Escherichia coh were the test organisms 
Similar results were obtained with orthocresol, paracresol, parabutylphenol, 
orthochlorphenol, and normal butyl alcohol as the disinfectants Such differ- 
ences were not observed with disinfectants containing soap 
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Phenol coefficient tests with the two subculture media were run \\itii seieral 
disinfectants and the differences noted were less than 10 per cent mth all of them 
except two cresylic disinfectants 
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Unpublished data made available to us suggested that a new antibiotic, aureo- 
mycm,® was of low toxicity, was highly effective agamst a vanety of experimental 
infections in animals, and, therefore, warranted a chmcal tnal The bacteno- 
logical studies which were conducted as part of the chmcal evaluation of this 
agent are presented m this paper 

sENsmvrnr of various bacteria 

Aureomycm hydrochlonde was found to have considerable antibacterial action 
in vitro against a wide range of gram-positive and gram-negative bactena The 
sensitivities to aureomycm of 186 strams of orgamsms recently isolated from 
patients m the Boston City Hospital are presented m table 1 Among the 
strams of the various orga nisms tested, only those of Proteus vulgans and of 
Pseudomonas aeruginosa were regularly found to be relatively resistant to aureo- 
mycm 


COMPASmVE SENSITIVITY TO THREE ANTIBIOTICS 

The sensitivity to aureomycm, pemcilhn, and streptomycm of a selected group 
of microorganisms is presented m table 2 Weight for weight, aureomycm was 
found to be less effective than pemcilhn, but more effective than streptomycm, m 
the case of most coccal organisms Aureomycm was about as effectne as 
streptomycm agamst most gram-negative bacilli Aureomycm possesses equal 
antibactenal activity agamst pemcilhn-sensitive and pemcilhn-resistant staph- 
ylococci as well as agamst streptomycm-sensitive and streptomycin-resistant 
bactena It is also effective agamst streptomycm-dependent orgamsms 

FACTORS INFIiUENCING ANTIBACTERIAL ACTIVITT OF AUREOMTCIN 

The concentration of antibiotic which is necessary to inhibit any bacterium 
depends upon many factors, some of which are concerned chiefly with the anti- 
biotic and others of which have largely to do with the microorganisms Those 

* Aided by a grant from the United States Public Health Service 

Presented, in part, at a conference on “Aureomycm — A New Antibiotic,” sponsored bj 
the Section on Biology, New York Academy of Sciences, July 21, 1948 

® Research Fellow, Amenoan College of Physicians 

’ Work on the method of isolation of aureomycm, its pharmacologj , and the determina- 
tion of its bacteriological, antiviral, and antinckettsial activity was carried out bj in- 
vestigators of the Lederle Laboratories Division, American Cj anamid Companj , Pearl 
River, New York Their findings, some of which were furnished in personal communica- 
tions, were presented at the New York Academy of Sciences, July 21, 1948 

489 



TABLE 1 

Aureomycm sensitivity of bacteria recently isolated from cases of human tn/ecftotis 


OSGAKISU 

NUMBER or STIAIHS 
TESTED 

LvmamNc 

CONCEVn.\TTOS pC/lfl 
(couplete) 

Aerobacter aerogenes 

10 

12 5-o0 

Diplococcus pneumoniae 

13 

0 1-1 0 

Escherichia colt 

31 

3 1-100* 

Hemophilus hemolyticus 

1 

0 S 

Hemophilus induemae, type ? 

5 

1 0-2 0 

“ “ , type b 

1 

2 0 

Klebsiella pneumoniae 

4 

C 3-o0 

Neisseria catarrhalis 

2 

2 0 

“ gonorrhoeas 

37 

0 25-1 0 

“ meningitidis 

1 

0 5 

Pleuropneumonialike 

1 

0 25 

Proteus morgann 

1 

4 0 

“ vulgaris 

13 

125-2a0 

Pseudomonas aeruginosa 

7 

100-2a0 

Salmonella, sp 

6 

3 l-2o 

“ typhosa 

6 

3 l-2a 

Staphylococcus albus 

2 

1 0-2 

Staphylococcus aureus 

27 

1 0-12 ot 

Streptococcus faecalis 

2 

G 3 

“ mills 

4 

0 S-C 3 

“ pyogenes 

12 

0 5-10 


Some of these tests were made by a tube dilution method and others by a surface streak 


method 

* Twenty -two strains inhibited by 12 5 or 25 tig per ml 
t Twenty -four of these inhibited by 1 to 2 tig per ml 


TABLE 2 


Sensitivity of selected strains to three antibiotics 


OSCANISM 

AUREOMYON 

PENiaiini 

D pneumoniae 

0 5 

0 02 

E colt S 

50 

24 

“ R 

50 

24 

“ D 

12 5 

24 

P morgann S 

50 

750 

“ R 

25 

750 

“ D 

12 5 

375 

S cholerae-suis 

6 3 

60 

S typhosa 

6 3 

6 

S aureus 

2 

60 

“ S 

6 3 

0 OS 

" R 

6 3 

0 OS 

'■ D 

3 1 

0 02 

S faecalis 

6 3 

6 

S mitts 

1 


S pyogenes 

0 5 

0 02 




25 
C 3 

>50,000 

Dependent 

100 

>50,000 

Dependent 

250 

lOO 

25 

25 

50,000 

Dependent 

3 1 
e 3 
25 


All sensitinties gnen in yg per ml for complete inhibition 
S, R, and D represent streptomjcin sensitive, -resistant, and 
respectively, of the same strain (Paine and Finland, 1948) 


dependent variant', 
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which primarily concern the antibiotic may be grouped under two headmgs (1) 
stability of the antibiotic and (2) conditions or substances which inhibit or aug- 
ment the action of the antibiotic, such as the hydrogen ion concentration and 
the presence of salts 

The factors which are related particularly to the organisms and which may 
influence the action of the antibiotic are (1) the mnate susceptibihty or resist- 
ance of the organism to the antibiotic, (2) the number and growth phase of the 
microorgamsms mvolved m the test, (3) the presence of conditions or substances 
which interfere with or promote growth of the orgamsm, such as pH, type of 
media, etc , (4) the elaboration of substances by the bactena which may interfere 

TABLE 3 


Slabtltly of aureomyctn in solution 


Dilcxnt 

BfiOTH 

H,0 1 

PLASUA 

BBOTH 

H,0 

BAP 

FLA5UA 

Concentration (pg/ml) of 
solution stored 

8* 

2 OOOt 

8* 

8* 

2 OOOt 

200t 

8* 

Temperature C 

4 

4 

4 

37 

37 

37 

37 

Day 0 

0 5§ 

0 5 

0 5 

1 0 


1 6 

0 5 

1 


— 

1 0 

4 0 

0 5 

6 2 

2 0 

3 

0 5 

0 5 

4 0 

>4 0 

0 5 

12 5 

>4 0 

7 

0 5 

0 5 



0 5 



14 

2 0 

0 5 



0 5 



21 

2 0 

1 0 



0 5 



28 

>4 0 

1 0 






35 

— 

2 0 







* pH 7 2 ± fpH 4 

J Senes of agar plates containing 10 per cent horse blood and graded concentrations of 
aureomycin from 200 to 0 019 ng per ml 

§ Minimum concentration of aureomycin for complete inhibition of Streptococcus no 98 

With the activity of the antibiotic, and (5) the development of resistance by the 
microorgamsm 

Stability of aureomycin effect of temperature and diluent Aureomycm, m the 
form of the crystallme hydrochlonde, as made available to us, was a stable prep- 
aration and mamtamed its potency at ±22 C m dned form for at least 6 months 
It was also stable m high concentrations m distilled water, both m the refngerator 
and m the incubator at 37 C, for penods up to 2 or 3 weeks The pH of the 
preparations in distilled water was 4 0 to 4 5 However, when the solutions 
were kept in low concentrations, either m broth, m pooled human plasma, or 
mcorporated m 10 per cent horse blood agar, there was a rapid loss of activity 
on incubation at 37 C, and a less rapid loss of activity on refngeration Under 
these circumstances, the pH of the matenals was about neutral The data are 
shown m table 3 

Natural resistance Of the organisms studied m this laboratory, only strains 
of Proteus vulgaris and Pseudomonas aeruginosa have shown any considerable 
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degree of innate resistance to aureomycin These organisms are not completcli 
resistant to aureomycin, however, and can be inhibited in vitro, proiidod thit 
sufficient antibiotic is present The relative resistance of these tvo spccipa of 
gram-negative bacilli may reflect the degree to vhich these microorganisms mil 
be susceptible to aureomycin therapy, and it might be expected that thei iroiild 
be difficult to eradicate from certain sites where high concentrations of the anti 
biotic cannot be obtained This has already been confirmed in prelimmair 
clmical trials 

Eff set of inoculum size and growth phase The number of organisms present was 
found to influence the concentration of aureomycin required for complete inhi 
bition of bacterial growth in bram heart infusion broth (Difco) Howcicr, in 
sensitivity determinations made by streakmg from broth cultures of bacteria 
directly to the surface of agar plates containing graded concentrations of aurco 
mycm, the number of organisms present in the inoculum had little influence on 
the concentration of this antibiotic required to inhibit growth Table 4 shov.5 
the mfluence of the size of the inoculum on inhibition end points obtained with 
aureomycin when the tests were made by the tube dilution and the surface streak 
methods with Streptococcus pyogenes, strain 98 Similar results vere also ob 
tamed with a strain of Klebsiella pneumoniae and a subtihslike gram-positiie 
bacillus {Bacillus no 5, obtamed from Dr B M Duggar) 

In the tube dilution method there was little evidence of antibactenal activitj 
when large numbers of orgamsms were used in the inocula, even in the presence 
of high concentrations of aureomycm With fewer orgamsms in the mocula, 
the visible end points of growth were not greatly altered in the tube dilution 
method by changes m the size of the inocula The surface streak method, how 
ever, showed a sharp inhibition end point, which was essentially the same o^ cr 
a wide range of moculum size It has been suggested that this difference m 
inhibition end points observed m the tube dilution and in the surface streak 
methods, when large mocula are used, may simply reflect the lack of \ igoroiis 
growth from the large mocula m the tube dilution method, the organisms iia\ mg 
already attamed nearly their maximum growth with insufficient fresh media pro 
vided to allow vigorous multiplication In the case of the surface streak met , 

there is not such a limitmg factor, so far as the media are concerned, since t mre 
probably is vigorous growth both from the large and the small mocula use 
These observations suggest that the antibacterial effect of aureomycm is e\cr c 
largely on multiplymg orgamsms 

The effect of moculum size on inhibition of bacterial cultures b}'' aureomjci 
was also apparent from a study of growth curves, startmg with different num era 
of bacteria In figure 1 are shown the growth curves of a beta hemolj tic , 

coccus m graded concentrations of aureomycm Progressive inhibition o 
rate of growth by mcreasmg concentrations of the antibiotic is apparen an 
streptococcus failed to multiply m the presence of 2 /ig of aureomj cm 
In this test a relatively small number of organisms was moculated and tbe opp 
tunity for initiating vigorous growth was present Under these con i ^ 
presence of a relatively small amount of aureomycin, 2 per ra , uas su 
to inhibit growth of this organism On the other band, when large num ers 



TABLE 4 

Effect of size of inoculum on the antibacterial action of aureomycin 


INOCU 

LUM* 

UETHODt 

DJCUBA 


TINAL CONCXNTSATION OF AUKEOMVCDI, pC/UL OF MEDIUlt 



100 

50 

1 2S 

12S 

63 

1 3 1 

1 1 6 

08 

' 04 

0 

lO-J 

11 

hrs 

' 18 

++ 

+H — h 

+ + + 

+++ 

+++ 

+++ 

+++ 

+++ 

+++ 

+++ 


wM 

24 

3 

+ 

++ 

+++ 

+++ 

+++ 

+++ 

+++ 

I+++ 

+++ 


B 

24 

0 

0 

0 

0 

1 

0 

0 

0 

+++ 

I+++ 

+++ 

10-= 


18 

0 

0 

0 

0 

0 

0 

0 

+ 

++ 

+++ 


B 

24 

0 

0 

0 

0 

1 

H — i — b 

+-}-+ 

++ + 

+++ 

H — 1 — H 


H 

24 

0 

0 

0 

0 

0 

0 

0 

H — 1 — h 

+++ 

+++ 

1 

10-3 


18 

0 

0 

0 

0 

0 

0 

0 

0 

+ 

H — 1 — h 


B 1 

24 

0 

0 

0 

0 

0 

1 

H — i — h 

+ + + 

+++ 

H — 1 — b 



24 

0 

0 

0 

0 

0 

0 

0 

++ 

++ 

++ 

10-< 

in 

18 

0 

0 

0 

0 

0 

0 

0 

0 

+ 

+H — b 


B 

24 

0 

0 

0 

0 

0 

0 

+-1- 

+++ 

+++ 

+++ 


C 

24 

0 

0 

0 

0 

0 

0 

0 

+ 


+ 


Organism S pyogenes, no 98 Media beef heart infusion broth (Difco), pH 7 2 i, 
and heart infusion agar (Difco) to which 10 per cent defibnnated horse blood has been 
added 

+, ++I and +++ >= estimation of growth, 0 = no visible growth, numerals indicate 
number of discrete colonies observed 

When the inoculum was an undiluted culture (1 2 final dilution in A) there was vigorous 
growth in all dilutions in A and B and the results in C were identical to those obtained with 
the 10~* inoculum 

* Dilution of fully grown culture 0 5 ml added to each tube containing 0 5 ml of diluted 
aureomycin in broth, and a 2-mm loopful streaked on the surface of the blood agar plates 
containing antibiotic 

t A = tube dilution method, reading visible growth, B = subcultures from A to blood 
agar plates without antibiotic, C = surface streak method on agar containing aureomycin 



Figure 1 Effect of aureomycin on growth of Streptococcus 98 Each tube contained 
10 ml of broth with aureomycin in the final concentrations, in ;ig per ml, noted on the curves 
and was inoculated at “0” hour with 0 1 ml of a ICH dilution of a 6-hour broth culture of 
the organism The numbers of viable organisms were estimated at intervals bj pour 
plates in aureomycin-free blood agar 
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this same organism m 24-hour cultures were inoculated in various concentrations 
of aureomyem, little evidence of antibacterial activity was manifested, eien in 
the presence of 100 ng of the antibiotic per ml, as shown in figure 2 It «ouId 
thus seem that the opportumty for vigorous multiphcation must be present in 
order for aureomyem to exert its antibacterial activity, though the influence of 
the concentration of bacteria may have been a determimng factor 
Bnd points in sensitivity tests In reading the bactenal sensitivity to aureo 
mycin m the tube dilution test, the usual experience has been that the visual end 
point of growth in the tubes is lower than the end point observed when sub 
cultures were made from the tubes to antibiotic-free agar and incubated for an 
additional 24 hours Table 4 shows this difference m end pomts It mav be 
that some organisms, possibly those in the restmg state, survive the 18 houra of 
incubation m the broth contaimng lethal concentrations of antibiotic, and their 



Figure 2 Effect of aureomyem on fully grown culture of SCreplococcus 98 Each tube 
contained 9 ml of a 24-hour broth culture of the streptococcus, and at “0” hour was added 
1 ml of broth containing sufficient aureomjcin to give the indicated final concentrations in 
Mg per ml The numbers of viable organisms uere then estimated at intervals bj pour 
plates in aureomycin-free blood agar 

presence becomes apparent on subculture to antibiotic-free agar where grouth 
can occur This phenomenon may also be related to the rapid loss of antibac 
tenal activity of aureomyem on mcubation m broth 

Effect of pH Alteration of the pH from the acid to the alkaline range resultc 
m a considerable decrease m the antibacterial activity of aureomyem This 
effect IS shown m table 5 m the case of Bacillus no 5 , similar results were obtaine 
with other orgamsms The decrease in activity of aureomyem in the basic p 
range is in sharp contrast to the decrease in activity of streptoraj cm in the aci 
pH range (Abraham and Duthie, 1946) 

Effect of added substances The presence of a number of substances m the con 
centrations listed m table 6 had little or no effect on the antibacterial actn itv o 
aureomyem when they were incorporated into the broth making up the me la or 
a tube dilution assaj’’ of the sensitivuty of a test organism 

The type of solid medium employed for the surface streak sensiti^ it} rnetbo^^ 
may influence the inhibition end points obtained with aureora} cm T ic ca 
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TABLE 5 

Effect of pH on the anttbactenal action of aureomycin 


pH 

RZADING* 

COKCENTJUTION OF AUaFOMYCIK pC/ilL 


0 78 



0 095 

0 048 


0 012 

0 006 

0 

6 1 

A 

0 

0 

0 

0 

0 

0 


+ 

+++ 


B 

0 

0 

0 

0 

0 

0 


+++ 

+++ 

6 6 

A 

0 

0 

0 

0 

0 

0 

4- 

+++ 

+++ 


B 

0 

0 

0 

0 

0 

2 

+ + + 

4 — f-+ 

4 — 1 — h 

7 0 

A 

0 

0 

0 

0 

0 

0 

-f-f+ 

+++ 

+++ 


B 

0 

0 

0 

0 

0 

-1 — 1 — h 

+++ 

+++ 

4 — 1 — h 

7 6 

A 

0 

0 

0 

+ 

+++ 

+++ 


+++ 

+++ 


B 

0 

0 

0 

-t-++ 

-f-l — f- 


+++ 

+++ 

+++ 

8 0 

A 

0 

0 

+++ 

-1-1-+ 

+++ 

+++ 

4-f-+ 

+++ 

+++ 


B 

0 


++-1- 

+++ 

+++ 


-1-4-+ 

+++ 

+++ 


Organism Bacillus no 5 Inoculum 20,000 per ml 

0, +, ++, and +++ represent extent of growth (numbers represent number of discrete 
colonies) 

* A = visible growth in tubes after incubation for 18 hours, B = growth on subcul- 
ture of 18-hour broth culture to aureomycin free blood agar 

TABLE 6 


Effect of various substances on antibacterial action of aureomycin 


SUBSTANCE 

AMOUNT 

ADDED* 

o 

a 

AMOUNT 

ADDED 

o 

a 

AMOUNT 

ADDED 

o 

M 

a 

AMOUNT 

ADDED 

MIC 

Sodium chloride 

0 



0 5 

1m 




Glucose 

0 

X 


0 5 

1m 




Sodium thioglycolate 

0 


m/1,000 

0 25 

m/100 


M/IO 

2 O 

Cysteine hydrochloride 

0 

w 

m/1,000 

1 0 

M/100 


M/10 

2 Of 

Semicarbazide 

0 

K 

m/1,000 

1 0 

M/100 


M/10 

-f 

Urea 

0 

0 5 

m/2,000 

0 5 

M/200 

^B 

m/20 

0 5 

Glutamic acid 

0 

0 5 

m/2,000 

0 6 

M/200 

0 5 

m/20 

0 5 

p-Aminobenzoic acid 

0 

0 5 


0 5 

M/20O 


M/SO 

0 25 

Pteroylglutamic acid 

0 

0 5 


0 5 

si/200 


m/40 

0 5 

Human plasma, pooled 

0 

0 6 

12 5% 

0 6 

25% 



0 3 


Tube dilution method, brain heart infusion broth pH 7 2 ± (Difco) 

Organism Streptococcus no 98 Inoculum ±100,000 per ml 
* Pinal concentration in addition to content of media 
t Minimum concentration of aureomycin for complete inhibition 
t Poor growth or no growth of test organism with and without antibiotic 

points observed on heart infusion agar (Difco) and on the same medium con- 
taining 10 per cent horse blood were the same, whereas the end pomts of aureo- 
mycm inhibition observed m the case of the same organisms on eosin methylene 
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blue agar were lower This difference may possibly be related to poorer growth 
on the eosm methylene blue agar 

Effect of aerohiosis There was no indication that sensitivity determinations 
made on surface streak agar plates in a decreased oxygen tension, with approvi 
mately 3 5 per cent carbon dioxide as obtamed m a candle jar, altered the inhi- 
bition end pomts observed with the same organisms under stnctly aerobic incu 
bation Prelimmary observations, however, suggest that greater anaerobiosis 
may interfere with the antibiotic action of aureomycm 

‘ Aureomycinase ” No evidence could be obtained that any aureomj'cm- 
mhibitmg substance (similar to penicillmase) was present in filtrates of broth 
cultures of Streptococcus 98 and Proteus vulgarzs filtered through sintered glass 
These same organisms did not yield any apparent aureomycin-inhibitmg matenal 
when the bacterial cells were disrupted by repeated freezmg and thawing 



Figure 3 Development of resistance to aureomycm in vitro Aerobacler atrogcm, 
strain J 

Development of resistance in vitro Most of the bacteria studied did not readily 
become resistant to aureomycm in mtro Several strains of bacteria recently 
isolated from patients were subcultured at frequent intervals from the surface o 
10 per cent horse blood agar containing graded concentrations of the antibiotic, 
to similar senes of plates, usmg large mocula from the plates containing e 
highest concentration of aureomycm on which each strain had previouslj grown 
The plates were freshly prepared and were used promptly each time 
stram of Aerobacler aerogenes, among several organisms that were stu i , 
showed a significant increase in resistance to aureomycm, as shown in 
The same stram of A aerogenes, subcultured m the same manner but in ic 
absence of the antibiotic for a total of 60 times, shoved no increase in resis anc^ 
to aureomycm A strain of Klebsiella pneumoniae, tjqie A, shoved an incrco- 
in resistance to aureomycm, from 6 2 to 25 pg per ml for complete in i 
after 42 subcultures m the presence of the antibiotic The latter st^m ' 
cultured for 60 tunes m the absence of the antibiotic showed no mcreas^re-''-^ 
ance to aureomycm Two strains of Staphylococcus aureus, 1 stram of < ''^7 
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COCCUS mills, and 1 strain of Streptococcus pyogenes showed no increase in resist- 
tance to auieomycin after 60 subcultures in the presence of the antibiotic 

Another strain of Streptococcus mitis apparently increased in resistance from 
1 5 to 12 5 /ig per ml after 21 subcultures in the presence of the antibiotic, how- 
ever, the same strain transferred in the absence of aureomycm for a total of 30 
times showed a similar mcrease m resistance, suggestmg that in this case the 
slight augmentation in resistance was probably the result of some cultural alter- 
ation from continued subculture on the laboratory medium and not necessarily 
related to the exposure to the antibiotic 

In an attempt to demonstrate the possible presence of a few very resistant 
organisms in large populations of sensitive strams of bacteria, broth cultures of 
Streptococcus pyogenes, Escherichia coh, Pseudomonas aeruginosa. Staphylococcus 
aureus, and Klebsiella pneumoniae were centrifuged and the sediments from 10 
ml were moculated on the surfaces of agar containmg 200 to 1,000 yg of aureo- 
mycin per ml No aureomycm-resistant or aureomycin-dependent orgamsms 
could be obtamed m this manner 

The difficulty of makmg microorganisms resistant to aureomycm in vitro 
suggests that the development of resistance to this antibiotic in vivo should not 
be an important problem The chmcal observations made to date seem to bear 
this out 
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SUMMARY 

Aureomycm has been shown to be active in vitro against many bacteria, mclud- 
ing certam penicillin-resistant, streptomycm-resistant, and streptomycm-depend- 
ent microorganisms The organisms studied have shown no marked tendency 
to become resistant in vitro on repeated exposure to aureomycm, though a mod- 
erate increase m resistance occurred m some strams The concentration of the 
antibiotic required for complete inhibition of bactena is influenced by the number 
of organisms present, their phase of growth, and the pH of the test media 

Aureomycm is a stable preparation as a dry powder in sealed ampoules and also 
m high concentrations m solution in distilled water at 4 C and 37 C It loses 
potency rapidly if stored m low concentrations m broth, plasma, or m blood agar 
at 37 C, though it is somewhat more stable in these media at 4 C 
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The metabolism of pyruvic acid by lactic acid bactena occurs through several 
pathways whose mechamsms and cofactors are for the most part unknown 
The growth factor requirements of these orgamsms suggest the possibility of 
determimng the cofactor reqmrements by adjusting the nutritional levels for 
maximum function (Bellamy and Gunsalus, 1944) 

Among the enterococci, Streptococcus faecalis, strain lOCl, has been shown to 
use several orgamc acids as energy sources The metabohsm of citric and malic 
acids IS adaptive (Campbell, Bellamy, and Gunsalus, 1943), whereas the metabo- 
hsm of pyruvate is constitutive, although the amount of enzyme is altered some- 
what by the growth conditions (Campbell, Bellamy, and Gunsalus, 1943, 
Gunsalus and Campbell, 1944) The growth conditions that favor the greatest 
rate of pyruvate oxidation and dismutation have been descnbed by Miller (1942) 
and Miller et al (1947) 

Lipmann (1939, 1944) studied a stable pyruvic acid oxidation system of 
Lactobacillus delbrueclii (Davis strain) m some detail and found at least 5 com- 
ponents to be required the enzyme protem, flavine ademne dinucleotide, mor- 
gamc phosphate, cocarboxylase, and magnesium Manganese or cobalt could 
replace the latter For pyruvate dismutation a sixth component, riboflavin, was 
required as a link to the lactic dehydrogenase Inorgamc phosphate was taken 
up during the reaction and appeared as acetyl phosphate, from which the high 
energy phosphate could be transferred to the adenylic acid system 

Dorfman et al (1942) and McElroy and Dorfman (1948) observed that cell 
suspensions of Proteus morganii oxidize pyruvate slowly and that the rate could be 
stimulated by the addition of pantothenate Later Stumpf (1945) isolated and 
purified a pyruvic acid oxidase from Proteus vulgaris, which was shown to reqmre 
the enzyme protein, cocarboxylase, and magnesium Neither an inorganic 
phosphate nor a pantothenate reqmrement was demonstrated Pilgnm et al 
(1942) had also shown that liver homogenates of pantothenate- or biotin-defi- 
cient rats were deficient m ability to oxidize pyruvate 
Lipmann and his associates (Novelli and Lipmann, 1947) have shown that 
pantothenate functions m acetylation Thus the site of action in pyruvate 
metabohsm appears to be beyond the oxidation reaction, specifically in the dis- 
position of the acetate On the basis of prehmmary ex-penments with Proteus 
morganii McElroy and Dorfman (1948) have suggested that pantothenate is 
involved in the removal of acetyhnethylcarbmol 
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In the present study, a synthetic medium has been obtained for the groirth of 
^eptococcus faecahs, stram lOCl, with a veiy active pyruvate oxidase system 
With the synthetic medium devised (O’Kane and Gunsalus, 1947) the enzimc 
occurs in the apoenzyme form and may be activated by a substance (or sub 
stances) present in yeast extract Dried cell preparations as veil as cell sus 
pensions are activated, thus constituting another case of apoenzjme formation 
dunng cell growth (Bellamy and Gunsalus, 1945) 


METHODS 

Culture Streptococcus faecahs, strain lOCl, from the departmental collection 
was stored in stock agar deeps at 5 C and transferred every 6 months Inoculum 
was prepared by transferrmg the culture into a medium composed of 1 per cent 
each of tryptone and yeast extract, 0 5 per cent K2HPO4, and 0 1 per cent glucose 
After 4 hours’ incubation at 37 C, transfer was made to a second tube, nhich after 
8- to 10-hour incubation was diluted with 20 parts of stenle distilled water and 
used at the rate of 0 05 ml per 10 ml of medium If the cultures were transferred 
at 12-hour intervals for more than 72 hours, the growth rate in the sjTithetic 
medium decreased, therefore the culture was removed from stock eveiy other daj 
Cell suspensions Cell suspensions were prepared from 12-hour cultures as 
suggested by Miller (1942) — 8- to 14- hour cells gave satisfactoiy rates of pjTui ate 
oxidation The cells were harvested by centrifugation, washed once mtb I 
the growth volume of m/ 30 phosphate buffer, pH 6 5, and resuspended in is 
the growth volume of the same buffer 
Solutions of xntamins, accessory substances, and acid-hydrolyzed xntamin free 
casern were prepared and stored as suggested by Wilhams and coworkers (1941) 
Enzyme-hydrolyzed casein (strepogenin), shown by Wright and Skeggs (1944) to 
stimulate the growth of several strains of streptococci including lOCl, vas pre 
pared as suggested by Roberts and Snell (1946) 

The rate of oxidation expressed as Q02 (N) — microhters of oxygen taken up 
per hour per mg bacterial nitrogen — ^is based on the linear portion of the cunc 
for the oxygen uptake, taken at 10-minute intervals for 40 minutes after the 
addition of substrates The quantity of cells was estimated turbidimetncal } 
from a previously cahbrated curve , 

Attempts to replace the yeast extract tryptone medium of Miller (1942) vi 
a synthetic medium, such as that of Bellamy and Gunsalus (1945), resulte jn 
poorer growth and cells nearly devoid of pyruvate oxidase It vas sio 3 
found, however, that the addition of yeast extract to the Warburg cups vou 
stimulate pyruvate oxidation by the cells from the synthetic medium n ^ 
to obtain rapid pyruvate oxidation upon stimulation, several ad3ustmen(s m 1 
composition of the medium were necessary 
The most suitable medium found for the production of pyruvate o\i a 
apoenzyme is shown in table 1 The more pertinent alterations nece--arv 
produce good growth from the 63nthetic medium for tyrosine apoenz} me pr 
tion were higher punne and pynmidine lex els and the addition of ^ 

The tywosme decarboxylase medium was dex'ised ioT S(replococais fafcahs, s 
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TABLE 1 


Medium for the production of pyruvate oxidase apoenzyme containing cells 


INGEEDIENT 

dVAHTITy PER 100 ME 

Acid hydrolyzed casein 

1 Og 

K HPO« 

0 5g 

Glucose 

0 3 g 

Strepogenin 

1,500 0 mg 

Tryptophan 

10 0 mg 

Cystine 

20 0 mg 

Sodium thioglycolate 

10 0 mg 

Adenine sulfate 

2 5 mg 

Guanine hydrochloride 

2 5 mg 

Uracil 

2 5 mg 

Salts B 

0 5 ml 

Nicotinic acid 

500 0 /jg 

Riboflavin 

100 0 fig 

Calcium pantothenate 

100 Ope 

Pyndoxine hydrochlonde 

100 0 fig 

Thiamine hydrochlonde 

100 0 fig 

Folic acid 

1 0 fig 

Biotin 

0 1 fig 

pH 

7 0-7 3 



Per Warburg 
buffer pH 6 5 


R, which did not require strepogenin In order to obtain the maxunum apo- 
pyruvate oxidase content, levels of riboflavin, nicotinic acid, and pyndoxine were 
increased above those required for maximum growth, as were levels of sodium 
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acetate and of strepogemn The relationship of these factors to the enzA-mc 
production is not clear beyond the previous suggestions of Lipmann (1939) that 
flavin IS involved in pjTuvate oxidation The effect of the nicotinic acid lc\c! 
may be general, since it was also observed with tyrosine apoenzjnne production 
(Bellamy and Gunsalus, 1944) The effect of pyndoxine may well be on ammo 
acid formation (Umbreit, Wood, and Gunsalus, 1946, Lichstem, Gunsalus, and 
TJmbreit, 1945) and protem synthesis (Stoerk and Eisen, 1946) 

The stimulation of pyruvate oxidase apoenzyme by yeast extract is shown m 
figure 1 The rate of p 5 ’’ruvate oxidation bj’’ cells from the s}Tithetic medium, 
here shown as 30 fil per hour, vanes from one batch to another, apparenth 
dependingupon the completeness of removal of the pyruvate oxidase factor from 
the strepogemn preparation Most samples of the medium yield cells in- 

TABLE 2 


Shmulalton of pyruvate dtsmulatton by yeast extract factor 
Conditions 0 2 mg bactenal mtrogen per cup 2 0 ml m/30 phosphate buffer, pll 
6 0 0 2 ml m/ 10 pyruvate + additions as indicated tipped at 0 time Atmosphere— N 



/iL COt rrt Hon 

Endogenous, cells alone 

S 

Pyruvate, 20 pji 

8 

Pyruvate + j east extract, 20 mg 

12S 

Yeast extract, 20 mg 

1 12 

Pyruvate -f- fraction Cu (potency 28) 0 5 mg 

05 

Cj 2 (potency 28) 0 5 mg 

5 

Pjruvate -f- fraction 19-11 (potency 200) V5 pg 

55 

Fraction 19-11 (potenej 200) 75 pg 

5 


capable of oxidizmg pyruvate The cells used in the experiment indicated 
showed 10-fold stimulation m activity upon the addition of j'east extract, inth a 
maximum of about 300 pi per hour by the cells from 5 ml of medium 41 it i 
yeast extract as the starting matenal, partial punBcation of the stimulant has 
been accompbshed These fractions were used in several experiments bccau'c 
they are free of an oxidizable matenal present in yeast extract (figure 1) 

The pyruvate oxidase can, as shown by Lipmann (1939) and others, be m 
via lactic dehydrogenase with a second molecule of pyuaixate to jicld lactic an 
acetic acids and COz If the stimulatorj^ effect of the yeast extract w ere more or 
less directly on the pjTUX'ate oxidase, the cells containing the apoenz^e £ lou^ 
also show a decreased rate of dismutation that could be stimulated } 'ea 
extract As shown m table 2, the deficient cells, w hich v ere unable to ismu a ^ 
pynnivate, were actn ated by y'east ex'tract or by the partiallj punfied rac ion 
Cells from the sjmthetic medium are not dexoid of oxidatne power since i 
oxidize glucose rapidly and are not further stimulated bj xeast extract 
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ever, the pyruvate oxidation rate approaches that of glucose only in the presence 
of yeast extract (table 3) 

In attempts to analyze the mechanism of the stimulatory action, deficient cells 
were incubated vnth yeast extract and both the solution and the cells assayed for 
the factor It was found that some of the factor was stored by the cells since 
they exhibited an increased rate of pyruvate oxidation (table 4) Incubation of 
cells with pyruvate and yeast extract, under conditions that allowed p 3 Tuvate 
oxidation, resulted in the removal of nearly all of the stimulant from the super- 
natant and in a still greater rate of pyruvate oxidation by the cells Not all the 

TABLE 3 


The specificity of the yeast extract stimulation for pyruvate oxidation 


SUBSTRATE 

Qo. (N) 

Pyruvate (20 /zm) 

30 

Glucose (20 u^i) 

580 

Yeast extract (20 mg) 

70 

Pyruvate -H yeast extract 

480 


TABLE 4 

Absorption of the factor by cell suspensions 



Qo, (N) 

Qo, (N) ON PYEUVAIE* 

ATiEs 30-iONTm: oxidation 



CeUs 

Supernatant 

Cells -f- pyruvate 

65 

28 

65 

Cells -f- yeast extract 

Cells -f- yeast extract -f- 

25 

125 

230 

pyruvate 

340 

165 

80 


* Experiment as in table 3, then the cells were collected by centrifugation and resus- 
pended in buffer and pyruvate, supernatant was returned to Warburg cup and new cells 
were added 


activity removed from solution, however, is foimd m the cells, this may be due 
to the destruction of the factor by hydrogen peroxide formed from pyruvate 
oxidation 

The accumulation of the factor m the cells may indicate a coenzyme function, 
the greater absorption dunng pyruvate oxidation suggesting a possible energy 
requirement for the use of the factor The removal of the activator from solution 
by the cells serves to differentiate this substance from the ammo acid stimulation 
of pyruvate oxidation by pneumococci as demonstrated by Bemheim and 
Bemheim (1943) 

Several compounds of known physiological activity were tested either by 
incorporation in the growth medium or by addition to cell suspensions (table 5) 
Those added to the growth medium mthout effect included choline, mositol. 
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^ymme xanthme, fumarate, citrate, and oleic acid No evidence of stimulation 
was found by either procedure with the compounds tested Since neither ammo 
acids, yeast ash, nor known factors replace the yeast extract, it is suggested that 
an unknown factor IS involved 


TABLE 5 

Known substances tested for pyruvate oxidase shmulahon with resting cells 


DL-LeuciDe 

ni/nf' 
06 
06 
n fi 

Di/'Phenylalanine 

DL-Methionine 

Cysteine 

1 0 

Glutathione 

I 0 

Acid-bydrolyzed casern 

30 0 

Wnght’s strepogenin 

15 0 

Yeast ash 

=100 mg veast eictract 

Fohe acid 

0 03 

SLR factor 

0 003 

Pyndoxal 

Mixture of vitamins f 

Mixtures of these vitamins with each omitted m turn 

0 01 

Coenzyme A preparation} 

0 50 

Coenzyme A preparation hydrolyzed§ 

0 60 


* Incubated at 37 C with cells 20 nunutes before addition of pyruvate 
t Contained 6 ng each of pyridovine, thiamine, riboflavin, nicotinic acid, pantothenic 
acid, folic acid, and 60 mttg biotin 

t Kindly supplied by Dc N 0 Kaplan, 25 to 50 per cent pure 
§ Fifteen minutes at 120 C in n/2 HiSO< 

DISCUSSION 

The observation of more specific nutntive requirements for pyruvate oxidation 
than for growth, and the stimulation of the P 3 mivate oxidation rate of cell sus 
pensions, appears to constitute another case of the formation of an apoonz}Tnc 
during growth Similar cases are the formation of tyrosine apodecarbox") laso 
(Bellamy and Gunsalus, 1945) and apotransammase (Lichstem, Gunsalus, and 
Umbreit, 1945) 

The activation of pyruvate oxidation by resting cells, and dned cell prepar- 
ations, with yeast extract though not with the known substances tested indicates 
that an unidentified factor may be mvolved The coenzyme nature of the acti- 
vating agent is suggested by its removal from solution and storage in the ccl s 
during pyruvate oxidation It is, however, possible that the factor is an active 
form of one of the known factors that the ceils are unable to synthesize The 
mechamsm of action must await the identification of the active agent (s) an 
study of the enzyme system involved 

Smee several pyruvate oxidation enzymes have been reported (Lipmann, u > 
Still, 1941, Hills, 1943, Stumpf, 1945), speculation as to the mechanism of t c 
action would be premature 
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SUMMARY 

With strain lOCl of Streptococcus faecalis, the nutntive requirements for 
pyruvate oxidation and dismutation were found to be more specific than those 
for growth Cells harvested from synthetic media that support good growth 
contam pyruvate oxidase m the apoenzjune form, as mdicated by the activation 
of oxidation by cell suspensions and dned cell preparations 
Yeast extract contains a substance (or substances), apparently not identical 
with known accessory factors, that is required for p 3 Tuvate oxidation This is 
demonstrated by the inabihty of cell suspensions to oxidize pyruvate unless they 
are grown m the presence of yeast extract, or unless yeast extract is added to the 
cell suspensions The active principle is taken up by the cells durmg pyruvate 
oxidation and is retamed, thus mdicatmg the possibihty of a coenzyme nature 
The oxidative deficiency is not general since the deficient cells oxidize glucose 
rapidly 

A synthetic medium has been obtamed that supports good growth and highly 
active p 3 UTivate oxidase apoenzyme production 
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Bacitracin is a new member of the group of antibiotics produced by the gram- 
positive sporeforming bacilh It was first reported by Johnson, Anker, and 
Meleney m 1945 (Science, 102, 376), and it is produced by a member of the 
Bacillus suhiihs group of orgamsms Investigation of this antibiotic is bemg 
conducted under a grant from the United States Army The bacitracin is being 
supplied by the Commercial Solvents Corporation 

Many orgamsms isolated from pathological processes have been tested for 
sensitivity to bacitracin It has been observed that most of the gram-negative 
bacilli were resistant to the action of the antibiotic An exception was noted 
m the case of four strains of Hemophilus influenzae which were obtamed from the 
spmal or ventncular fluid m four cases of memngitis m humans These strains 
were all type B, and were freshly isolated from the pathological matenal Three 
of the strains were tested for susceptibility to bacitracin on primary culture of 
spmal or ventricular fluid as well as on subcultures These constituted the only 
strains of this organism available for study, without exception they appeared to 
be sensitive to the antibiotic 

The pathological specimen suspected of containmg Hemophilus influenzae was 
planted on 10 per cent human blood agar in petri plates A heavy inoculum was 
spread evenly over the plate with a bent wire A piece of filter paper approxi- 
mately 1 cm square was soaked m a solution of bacitracin contaming 20 units 
per ml and placed in the center of the plate After 24 to 48 hours’ mcubation, 
the squares were surrounded by an inner zone of complete inhibition outside of 
which was an mdefinite area of sparsely scattered colomes This merged with 
the dense growth on the remainder of the plate Subcultures were tested m a 
similar manner Approximately the same results were obtamed by using steel 
penicylmders filled with the antibiotic One of the strains was tested for sensi- 
tivity in a tube assay The orgamsms were grown and titrated in blood extract 
broth This strain was mhibited by 0 625 to 0 63 imits of bacitracm per ml 
under these conditions 
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A SATISFACTORY IMEDIUM FOR THE ISOLATION, 
CULTIVATION, AND MAINTENANCE OF 
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The strain of Vzhno fetus that this laboratory has found in aborted boiice 
fetuses during the past two years is more difficult to grow in laboratorj' media 
and to keep viable without transfer at close mtervals than strains that Mere iso- 
lated 15 to 20 3 '’ears ago 

In an attempt to find a more suitable culture medium for Vitno fetus, a ncM 
medium known as “thiol,” developed by the Difco laboratones, was studied 
This IS semisohd medium contammg 0 1 per cent agar It was developed for 
the purpose of growmg aerobic and anaerobic organisms in the presence of higli 
concentrations of pemciUm or streptomyem 

Thiol medium, if prepared according to the directions of the manufacturer and 
if the pH IS adjusted to 6 8 before sterilization, will grow vibnos rapidlj and in 
large numbers when present in the exudate of the stomach of an aborted fetus 
The vibrios grow profusely at or withm 0 5 mm of the surface of a tube of the 
medium Maximum growth is obtamed in a tube (8-by-l-inch) of medium in 
4 days at 37 C from inoculation of a pure culture of vibrios If one desires to 
obtam a dense suspension of vibnos for antigenic studies, the organisms maj be 
harvested from the top layer of the tube of medium at intenmls of 4 dajs On 
microscopic exammation the appearance of the vibrios i aries from short b curves 
to long spiral filaments 

It has been found that the vibrios will remain alive m tubes of thiol medium 
held at room temperature (26 C) for at least 150 days without jatenenwg 
transfers 
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It IS the purpose of this paper to piesent observations obtained inth the aid 
of the election microscope on the development of psittacosis virus m the embrjm- 
nated egg The first phase of the problem vas to study the adsorption of virus 
on the cell surface and its subsequent penetration into tie cell The develop- 
ment of the infectious piocess vas then puisued bj’’ studjnng infected tissue 
disrupted bj^ sonic vibration and infected allantoic fluids harvested after the 
giovdli cycle vas completed 

JIETHODS AND MATERIALS 

The nrus studied vas the 6BC stiam of psittacosis virus, oiigmally isolated 
bj’’ Di K F Meyei and adapted by repeated passage to giov veil in the allan- 
toic cavitj’’ of embryonated eggs Harvests of allantoic fliud vere made after 
5 to 6 days’ mcubation and the virus v as purified by centrifugation 
Titrations for infectmty of virus samples veie performed b}’’ the single-dilu- 
tion method (Golub, 1948), m which the LDjo end point is calculated fiom the 
average daj’’of death of a gioup of eggs inoculated v ith one dilution by the yolk- 
sac loute 

Chorioallantoic membranes of 9-day-old eggs veie infected by moculation on 
the surface thiough a hole in the side of the egg vheie a false air sac had been 
formed The inoculum consisted of 0 5 ml of a 10 X concentrated, purified 
suspension of allantoic fluid viius or, in the case of controls, of 0 5 ml of sterile 
buffer solution The shell holes v eie sealed vith a cellulose-acetate mivtuie and 
the eggs incubated at 37 C At the inteivals of hariest the shell vas broken 
avaj^ to the edges of the false air sac and the exposed portion of the chono- 
allantoic membrane removed vnth the aid of forceps and scissors 
Antisera vere piepaied in rabbits either bj’’ 1 inoculation of paitialL’^ puiified, 
living yolk-sac virus oi 5 inoculations of active mouse Inei and spleen viiois b}^ 
the mtiapeiitoneal route The rabbits were bled 2 veeks after the last inocula- 
tion and the serum vas stored in a dry ice chest 

The surfaces of normal and infected choiioallantoic membranes, dried on the 
formvar-coated glass slides, veie studied bj"^ the silica replica method A de- 
scription of the technique foi replica preparation and of the method for rotar\^ 
shadow -casting emplo 3 ^ed v ill be published elsev here 

The choiioallantoic membianes veie placed in a solution of 0 10 m NaCl and 
0 02 M phosphate buffer at pH 7 0 and subjected to sonic wbration Aftei 15 
minutes most of the suspension was removed and salt-buffer solution v as added 
The remaining fiagments of the membrane were then aibrated another 15 
1 Present address Bio Seience Laboratories, Inc , Los -tngeles, California 

509 



r helnaiets V^D O J golue [^ 0 , 

minutes at highei intensity This pioceduie Mas .idaptccl in older to aioid 
extensive disintegiation of the moie fiagile stinctiiial elements iiid, at tlic same 
time, bleak up some laigei aggiegates too dense foi micioscopic stndic- Vfter 
vibiation the suspension vas given two cj^cles of centiifiigation foi jj inniiitr^ 
at 4,000 rpm, and the sediment wvas finally fieed fiom laige pai tides and igcn 
gates by being centiifuged 10 minutes at 500 ipm 

All fi actions weie immstigated in tlie election micioscopo, but the fm il super- 
natant fluid contained most of the AunisliKe paiticlcs and was the ptnicipal oli 
ject studied The RCA election micioscope, type A, with ohjedne i])erfiire, 
wms used in this study Specimens w ei e pi epai ed in the usual inannci In ])1 u 
mg a diop of suspension on the collodion membiane, icmoMiig the e\(C's, uiid 
w^ashing the dned scieen in distilled A\atei Most specimens weie sludow i ist 
by the lotaiy shadow -casting method This method enables one to iiicu I'-e 
particle contiast Avithout mtioducing visible shadows, which often ohsciiie pir 
tide definition In some cases, foi spatial infoimation, customai^ station ir\ 
shadow-casting w as added 

Seimral othei methods weie tued foi biealung up membiaiies but wcic found 
to be less satisfactoiy than some vibiation The giinding of membranes in tin 
w'et 01 diied state left too man}" heaiy aggiegates, and the iclativch few single 
particles piesent weie coveied with dense laycis of intiacellul ii sulisinmo' 
Tins made obseivation of the configuiation and morphologi of paifn les diflittiU 
Sonic vibiation seems to fiee the pai tides fiom the loosely combined pioleiwlikc 
materials and, at the same time, if caiefully peifoimcd, docs not disintcgnto 
individual viius paitides Vibiation cxpeiiments with pme mius siinph' did 
not reveal any visible changes in moipliology 

EVPEniMENriL nnsuLTs 

Replica studies oj membranes Piioi to the examination of mtinln mc^ in 
fected in mvo, the appeal ance of the viius body lephcas was studied on loiitrol 
membianes diied on the surface of glass slides and subscqucntlv inotiil ited with 
psittacosis viims Figuic lA shows an impiint of a pai tide .diout 27d ini' in 
diametei, and stationaiy shadow -casting lece ils it to be idatnc I\ fiat ( <>mp in' 
to an original viras pai tide oi to its leplica taken diicr tli fiom the '-iirf i" " 
glass slide Figure IB shows tlic same type of pm tide as wdl is i Iirg'r un 
even flattei i opiint 

Alembiane lephcas weie obsen^ed at vanous intenals fiom 0 to 21 lioiii- i n r 
inoculation with eithei Aims suspension or sterile bufTei sfilutioii 1 n 
mteival was a significant factor in the lesiilting concentr ition of mmIiI' mhi ' 
impnnts In the earliest phases, i e , le-s than 3 horn ifti r huh uI ition, irnpnn' 

of elec ations pi edommated, but numerous holc-i ind dipie-vion- ijip' ir< ^ 

suggesting Aims penetration into the membrane I ignre If' -imw- i n pu 
hours aftci inoculation and the shadow -casting rcAC il- imprint- of 
caAities AAhose diameters aie in the “^ame range as the Aim- pirti'k- 
serAation= suggest that the mcmbrine^ examined 3 limir- iftrr uiomiI if ion “ i" 
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the highest iiumbei of Aoiushke lephcas 12 houis, the infected membranes 
had lesiimed then noi-mal configuiation, showing neithei elevations nor holes 
Conti ol membianes inoculated with buffei solutions in viio show vanous tj’pes 
of stiiictiinl sill face niegulaiities but no imprints coiiespondmg to those ]ust 
desciibed Occasional holes oi caAuties can be observed in the nonnal mem- 
branes, but then size is dispeised ovei a wide lange 

Adsorption studies hy pm tide counting in the election microscope Supplemen- 
tal to studies of ATI us adsoiption on membianes by the replica method, studies 
A\eie also made of diiect auius paiticle coimts of the inoculum after Amrious time 
inteiA als The e\peiimental procedure was as follows 0 5 ml of a purified auius 
suspension was intioduced thiough an artificial an sac on the surface of the 
choiioallantoic membiane of 9-day chick embiyos, and samples of the inoculum 
A\eie lemoA'ed aftei A^aiious time inteiA'als, paiticle counts of these flmds A\ere 
then peifoimed in the election micioscope Viras samples studied Aiere in con- 
tact AAith the membianes fiom 5 minutes up to 24 houis Piesented in figure 2 



Figures lA , B Control replica from a dried normal chorioallantoic membrane inoculated 
with psittacosis virus 

Figure 1C Replica from an infected chorioallantoic membrane removed 3 hours after 
inoculation 

IS the percentage of decrease of Aums pai tides as a function of the time interA^al 
between the inoculation and the lemoAal of the Auras sample The imtial number 
of particles was obtained b}" intioducing the auitis onto the membiane and le- 
moAung it immediatelj’^ The counting of particles was peifoimed on a constant 
area of the specimen screen foi all samples The imtial sample ica ealed approx- 
imately 1,000 viiTislike bodies, and subsequent samples showed continued de- 
creasing concentiations As seen fiom the adsorption cune on figure 2A, the 
number of auitis particles in the harAested inoculum decreases at a rapid rate, 
and aftei 60 minutes, only 4 per cent of the onginal number were present in the 
suspension After 4 hours, this figure had decreased to 0 8 per cent, at 12 and 
24 hours, the few- isolated particles that could be observed were in a state of 
disintegration and could not definitely be identified as Aims particles The 
imtial sample had two morphological foi-ms of viius particles present (see figure 
14) Both particle tjqies weie counted and the rate of decrease m particle count 
w as appi oximatelj’' equal foi both tjqies 

Adsorption studies in vivo In mo tests for the disappearance of Aunis from 
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the aUantoic fluid of eggs inoculated into the aUantoic cavit3 also suggested i 
rapid adsorption of the virus onto the surrounding tissue Eggs n ere mocuhtcd 



TIME OF CONTACT BETWEEN VIRUS B MEMBRANE 

Ftguie 2A Percentage of decrease in particle count of membrane surf ice inoculum it 
various internals 



Figure SB Infcctnitj titer of allantoic fluid haricsls it i iriouMiitrrv tl- ifi< r in'’''” 
tion vnth psittacosis \irus 

vuth 10-=, 10-=, and 10'^ dilutions of i stock OBC p-itt itO'V tini- uid d int'^r 
tals of 2, G, 24, 4S, and 72 hours pooled simple- of fiui(K from ii\( litiuK 
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each gioup veie tested foi vmis activity The titei at zeio time for each moc- 
uliim vas calculated fiom the known titei of the vinis and the estimated dilu- 
tion factor involved The results aie shonn in figure 2B 

It can be seen that the mfectivity titer of the fluids dropped lapidlj-^ inthm a 
fev hours of inoculation Conti ol evperiments haA^e shown that simple incuba- 
tion of virus in vilro foi shoit inteiwals does not result m compaiable deci eases in 
titer The less rapid diop vith inciease in inoculum concentiation vould sug- 
gest that the saturation point of cells susceptible to Aurus attachment aa as being 
leached 

Studies on sonic-wave-iihrated normal chorioallantoic membranes Election 
micioscopic studies on vibrated noimal membranes reA'^ealed manj’^ structural 
components of the cell and gave the impression of the A^erj-- complex nature of the 
cellular orgamzation ComparatiA’^e studies on normal and infected membranes 
A\ere made, and only those structuial elements that seemed to be associated vith 
the development of the psittacosis atiiis Aieie extensiA'^ely mA’^estigated The 
sigmficance of the comparatiA^e study of nonnal and infected membranes became 
apparent after repeated obserA^ations disclosed some modes of Aurus deA^elop- 
ment appearing to be integiated Anth normal grow th of the intracellular elements 
For this reason, a feii examples of structmal elements of the normal mem- 
bianes folloAAing some Aubration are presented 

Electron microscopic obseiwations on Aubrated normal membrane suspensions 
reveal a large number of dense particles haAung a broad size distribution A 
striking feature is the large number of fibers interconnecting A'anous bodies and 
often ongmatmg m large masses from such bodies In figuie 3A is shown an 
example of dense mtracellulai particles, suggestive of nuclear matenal Figure 
ZB shows a more irregular particle with a less dense border area, and in figure 
3C are examples of the frequent association of particles wnth bundles of fibers 
Individual fibers exhibit transA^erse striations and some A’^anation m their dimen- 
sions A few fibers aa ere measured and w ere found to be m the range of 34 m^i 
to 56 mil, the distance between the striations A\as, on the aA’^erage, 64 mu 
Fibers were also obseiw’^ed in suspensions of ground membranes and therefoie 
cannot be considered as a phenomenon lesulting from Aubration Furthermore, 
rephea studies on membranes, where a laj'er of tissue A\as pulled off bj^ an at- 
tached plastic film, rcA’^ealed that such fibeis are normall}’- present m the cell 
Studies on somc-ivave-mbrated infected chorioallantoic membranes Electron 
microscopic studies w ere performed on Aubiated membranes at 6, 12, 24, 48, and 
72 hours after infection, a period considered to coa er the complete range of a irus 
deA^elopment At the same time, studies A\ere also performed on corresponding 
control membranes that had been inoculated wnth stenle buffer solution m place 
of the Aunis suspension 

Six-hour infected membranes did not show anj Ausual difference in structural 
elements from the controls The 12-hour infected samples showed some iso- 
lated particles that closety resembled the tjqncal Aurus particle Twentj-four, 
48-, and 72-hour membranes showed increasing numbers of Airushke particles 
and aggregates not seen in the controls 

Both infected and normal samples contained a large number of forms of a aiw - 
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Tllantoic fluid In addition, infected membiane samples shoved vaiioiis dense 
bodies and aggiegates to vhicli many particles, appaientlj^ psittacosis mi us, 
V eie attached Figuie 4 shov s vaiious single pai tides fiom infected membianes, 
demonstiatmg the size laiiation and the elevated, mnei dense mateiial of iiieg- 
ulai shape The paiticle shovn on figuie 4(7 has an appiovimate height of 170 
niM In the smallei foims, the dense cential poition Alls the bod}^ more com- 
pletelj" than in those foims of laigei diametei Figuie 5A, B, C shovs examples 
of laigei pai tides and, vith mci easing size, theie seems to be a leaiiangement or 
dispel Sion of the dense cential mateiial The bodies seen m figuie 5 A, B appear 
to be some mteimednte form between the lelativel}^ dense bodies seen m figuie 
4 and the flat foim shown m figure 5(7 The appioximate height of the pai tide 
in figuie 5 4 is 70 m/i 

The simplest gioupmg of pai tides obsened is a paiied combination as seen 
m figuie 6 In figuie 6A both pai tides of a pan seem to have the same general 
moiphologj’^, but one of the tw o is often of gieatei diametei On the othei hand, 
figuie 6B, C shows gioupings in which a smallei pai tide is combined with a laigei 
foim of diffeient stiuctuie 

Moie complex types of particle gioupings aie shown m figuie 7 An niegulai 
pattern of pai tide combination is seen m hguie 7*4, and figuie 7B ie\ eals a com- 
bination of two laige bodies with a smallei, centiall}" dense paitide In figuie 
7 A foul pai tides appeal in a low, with two laigei pai tides haiing a less dense 
border region wheieas the lemaimng two aie completel} dense A different 
type of combination is presented in figuie 8, m which two flat bodies aie seen 
attached to intiacellulai fibers 

A similar tATpe of combination of elements is presented m figuie 9 In this 
series, viiushke particles aie seen attached to intiacellulai fibers pieiiousb' re- 
vealed (figuie 3) as stiuctuial elements of normal cells The combination be- 
tween viiushke particles and fibers seems to be leal The large numbei of ob- 
servations of this type lule out the possibihtj’’ that such combinations aie the 
result of accidental association onlj" In figuie 9*4, B the particles appear to be 
attached to a fiber, yet on figuie 9(7 fibers seem to be terminating with the pai- 
tide This type of connection has been repeated]}^ observed, so that accidental 
combination of this tj^ie is also improbable In figuie QD, E \aiious particle 
foims are combined with heanei fibeihke stiuctuial elements of the cell 

A different type of combination observed is the close association of Muishke 
pai tides wath dense intiacellulai substances In figuie 10 a Miuslike particle is 
combined with a dense, elongated body with fiber attachments Figuie 105, (7 
shows, foi the most part, a similar t 3 Tje of association 

In general, theie exists a laige numbei of combinations with lariung degrees 
of complexity between intiacellular elements and Miushke particles Some of 
the moie complex combinations aie presented m figure 11, in which Miushke 
particles, dense intiacellulai bodies, and fibers are associated with one anotiiei 
In figure 12 an interesting phenomenon is that Mrushke particles are not onh 
associated w ith fibers, but there seems to be a partialh de\ eloped a irus particle 
fused w ith the dense bodA Dense massn e aggregates can often be obsen ed in 
which manv Miuslilve pai tides appear to be incoiporated, howeier, onh tlio-e 
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FigweH Purified prepantion of infected illantoic fluid, 5 da^ old culture 
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individual particles located in the bordei region of the aggregate are clearly 
nsible, Ts demonsti ated in figure 13 Repeated observations indicate that such 
aggregates are heavily loaded inth virus pai tides 
Studies on virus bodies from allantoic fluid 'preparations In figure 14 are shoivn 

the normal bodies m the vaiying morphology, as seen m many similar prepara- 
tions of psittacosis paitiallj'^ puiified fiom infected allantoic flmd It was at 
first felt that the vaiiations fiom the small, typical body iiere elementary bodies 
undei going degiadation However, evaminations of incubated samples for 
peiiods up to 10 days indicated that the proportion of the large, flat forms did 
not mciease, altliough defimtely visible morphological degradation of both forms 


LEGEND 

■ . INFECTED ALLANTOIC FLUID 
PflEPARATlONS 

VJSftATED INFECTED (72 hours; 

MEMBRANE PfiEPARATTONS , 



200 260 360 440 520 600 680 760 840 920 1000 1080 

PARTICLE SIZE 

Figure 16 Size distribution of particles from infected allantoic fluid and chorioallantoic 
membranes 


was appaient It is believed, theiefoie, that the laige flat bodies aie not dnect 
degradation foims of the small elementaiy bodj"^ 

To test the lelationship of these laige foims to the smallei elemental}’- bodies, 
the puiified viius suspension was examined aftei incubation foi 3 hours with its 
specific immune serum Figuie 15 shows clumps of the bodies visible in this 
pieparation, and it is seen that the laige, flat cells weie agglutinated along with 
the small, centiallj’- dense bodies, indicating that the formei aie piobablv the 
actual viius in a moiphologically dififeient form Stiands of seium protein ma- 
teiial aie plainl}’ evident and in some areas coat the virus aggregates so heavilj 
as to mask completely the t 3 ’pical morphology of the individual particles 
Size distnhution of virus particles It was of interest to compaie the size dis- 
tributions of VIIUS bodies originating from allantoic fluid wath those obtained 
from the vibiated infected membranes About 150 pai tides of each series were 
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measuiecl and distnbution ciuves calculated Tlio total count included Imih 
the small paiticles and the laige flat bodies Distnbution diti in prmliu d 
foim aie presented in figuie 16 

The viius sample piepaied horn 5- to G-da}' incubated allantoic fluid nilturi 
shons two distinct size legions The fiist ma\iinum pcik is ni the niim 1 h 
tween 300 m^ to 440 m// and lepiesents paiticles with a dense centi il icgimi md 
a diffuse boidei aiea The second maximum is in the laiige of b'lO iiifi to SIX) 
m^ and is made up laigelj^ of diffuse flat bodies On the otliei li ind, miiis oriu 
mating from 72-houi infected membianes shows onh one clistind niiMiumii 
peak, but theie aie moie paiticles in the size langc between the two pciD of tin 
allantoic fluid mateiial 


DISCUSSION and smiMvnv 


The initial phase of psittacosis viuis infection of the host cell n in all piohdnl 
ity an adsorption of the infectious paiticle on the cell siiiface With legird to 
subsequent events, w'e have always assumed, actualh without miiih illicit i\i 
dence, that penetiation of the cell membiane follows, in wliiili intciiiil ciuiroii 
ment the virus paiticle finds the piopei conditions foi its nuiltiplii ition jiion 
Oui observations on the disappeaiance of vnus bodies fioni in inonihini mi 
the suiface of the choiioallantoic membiane, as meisined In piitiili loiiiit- in 
the election micioscope, levealed that aftei 4 honis’ coiitict with the ti 'in 
only about 1 pei cent of the oiiginal viuis bodies icniaincd suspciidid in tin 
fluid, the lest piesumablj’’ having foimed an attachment to the mombiain I In 
studies on the lapid deciease in actnnt}" titei of allantoic fhiid inoiiililid with 
psittacosis viiais tn invo confiim the lapid adsoiption of the infirtnc piitnl' 
on the suiface of susceptible tissue Membiane icplic i studies of infuhd li m , 
in which viiais paiticle impnnts piaclicall}' disappeaied 3 lioiiis ifter inociil itimi 
of the membiane, suggest that the succession of events h is piogic-'-od Ik \ mid tin 
adsoiption phase and that actual penetiation is almost fomplctc lu thh tinn 
It was levealed that the shape of the impiints of v iiiislihe ]) iitu Ici w i- in tii dl' 
changing fiom elevations to cavities and holes when ob^r i\ ilion- wcir ni nh u 
vaiious mteivals following inoculation, and this is i onUincd is ^iiggi 'tint; ntm 
cell penetration Xo visible cliffcienccs weie ob'Civcd bifwiiii norm d nnm 
biane leplicas and the 12-houi infected sample-, fin tin r -iigtii-Uag tint i " 
sites of virus invasion on the membiane snifaic hid iinrlngonc irpiir la * " 


time , 

The fate of the V iriis particles aftei penetr ition of the ((llmimbrun 1 1- 
the subject of vaiious speculations The nnmeroii- light miiro rojin ^ 
tions aie not in complete agreement a« to the miiltiplir ilion prom-- m ' 
tails, but one view is that the vinis i- c ipiblo of immcdi itc iniiltipin itnni ^ 
out the formation of I ugc bodies Tliis po— ibilitv i- (.ori-irhnd to In < ',« ii ^ 
upon intracellular environmental mfliicmi- (Bunift md IJounin' ' 
Lcvmthal, 1935, Yanamiiri and Mover, 10!I) Dio rnori .omiiioii .ndg'n ^ 
accepted alternitivc mode of p-ittaio-i- vini- miiltiplii iiion i- th' ] 

largo bodies from sm dier particle- and di-jar-iori of tin Utur b P'"'' 
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disiiitegiation lesulting m the hbeiation of vaiious-shaped smallei pai tides 
The foimation of a dense matii\ aiound the seat of vims multiphcation vas con- 
sideied to be m intiacellulai leaction of the host cell to viiiis invasion and con- 
stituted an accumulation of piotoplasmic mateiial (Bedson, 1933, 1934, Bland 
and Caiiti, 1935, Buinet and Rountiee, 1935, Lennthal, 1935, Yanamuia and 
Mevei, 1941) Obseivations on the multiplication of some othei vimses leveal, 
m geneial, simihi developmental modes The obseivations of Tang and Wei 
(1937) on the multiplication of vaccinia viius suggest that tlus %nras ma}^ possess 
tvo independent methods of multiplication The fiist is bj" simple division, 
gmng rise to new pai tides with vaiied moiphology The second piocess of 
multiplication is consideied to be a combined action of the invading \arus and 
the host cell, undei which conditions laige pai tides with iccompanjang matrix 
foimation aie obseived Somewhat similai observations weie made by Rake 
and Jones (1942) on the development of lymphogi anuloma venereum ^^lus 

Oui fiist observations with the election micioscope weie peifoimed on psit- 
tacosis vims punfied fiom allantoic fluid The tw o distinct moiphological foims, 
one smallei, centiallj’^ dense particle, and anothei laigei, flat bodj" weie levealed 
(figuie 14) The size distiibution cuive had two distinct maxima (figuie 16), 
and the latio of the two particle tj^pes vaiied in the samples Agglutination ex- 
peiiments indicated that both particles had antigenic factois in common Our 
studies on vimshke particles oiiginating fiom infected membianes le^eal the 
same ovei-all size lange as in vims from allantoic fluid, but the distiibution of 
particle sizes is diffeient Moi phologically, theie is gieat sinulaiity between 
particles seen in allantoic fluid (figuie 14) and those obtained fiom iibiated in- 
fected membianes (figures 4 and 5) These findings suggest that w e aie piobablj’- 
dealing, in both cases, with the same tj^ie of vims particles, the pimcipal dif- 
ference being that in a 72-hour infected membiane the moiphological develop- 
ment of the vims is, on the aveiage, m an earlier phase than aie those oiigmatmg 
from 5- to 6-day cultuies of allantoic fluid 

In oui experiments virus pai tides from vibrated membianes were not appaient 
until 12 hours after infection In spite of extensive obseivations onlj^ a few iso- 
lated particles w'eie found that lesembled the typical viius particle contained in 
the inoculum The fact that the 6-houi infected membianes did not leveal any 
such Aums particles indicated that the particles \nsible m subsequent samples 
Aveie neiv gioirth and not oiiginal inoculum Light micioscopic and electron 
micioscopic obserA^ations aie apparentlj'^ in agieement as to the time necessar3'' 
for the first cj'^cle of viius multiplication 

Oui obserA’’ations on later samples also levealed large, dense particulate ag- 
gregates, varymg in size and densit5’’, on Avhose border areas w ere exposed many 
Arms foims (figme 13) and AA^hich maj’’ correspond to a colonj'^ of Aoms I\Ian3' of 
the aggregates AAere probably distorted by the some Aubration, but in geneial 
the 3 '’ manifested consideiable lesistance, indicating that the pai tides within the 
iiggisgates are finnty embedded 

It appealed to us that the Aurus in certain instances associates itself A\ath A'ar- 
lous normal inti acellular elements and possibly follows a pattern of dcAelopment 
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measmed and distnbution cuues calculated The total count incliidptl liuth 
the small pai tides and the laige flat bodies Distubiition flat i in gnpliK i! 
foim aie presented m figine IG 

The vims sample prepaied fiom 5- to O-da} incubated ill mtoic Jliiid tiilliin 
shoBs tvo distinct size legions The fiist ma\imum peak is in tlie nnci 1 h 
tBeen 300 m^ to 440 mp and lepiesents pai tides vith i den‘-o tcniril logioii mil 
a diffuse boidei aiea The second maximum is in the langc of G'lO niii to SOO 
rufi and is made up laigelj' of diffuse flat bodies On the othei h iiicl, imh orij; 
mating from 72-houi infected membianes shoBs onh one distintt nuMiimm 
peak, but theie aie moie pai tides m the size langc bet Been the tuo jic iks nl tin 
allantoic fluid material 


DISCDSSIOX VND SLMMVBV 

The initial phase of psittacosis mi us infection of the host cell is ui ill proluinl 
ity an adsorption of the infectious particle on the cell suifacc ^^llh irginl to 
subsequent events, Be have ahvaj’^s assumed, actinllv Bithoiit niiuli cliuit i\i 
dence, that penetiation of the cell membiane folloBs, m bIiicIi inteinal cimroii 
ment the vums pai tide finds the piopei conditions foi its mulliplic ition prou ' 

Oui observations on the disappeaiance of vims bodies fiom an inmnliini on 
the suiface of the choiioallantoic membiane, as mcasuied b\ paitidt toinit- m 
the electron micioscope, levealed that aftei 4 houi^’ cont.ict Billi the tiMu, 
onlj^ about 1 pei cent of the onginal vnus bodies icmnincd suspinclcii in tin 
fluid, the lest presumably hav mg foimed an att ichment to the menihi uio i in 
studies on the lapid deciease m activitv titei of allantoic Hind inoinlitid with 
psittacosis vims in into confirm the rapid adsoiption of the infcdivt ])irlu!i' 
on the surface of susceptible tissue hlembiano rephea stuche> of infei ted ti m , 
m which vims pai tide impnnts practically chsappeaicd "i lioiiis iftcr inoctil itnm 
of the membiane, suggest that the succession of ev ents h is piogie-'cd hevond tlir 
adsoiption phase and that actual penetiation is almost complete bv fhu tinn 

It v\as levmaled that the shape of the impiints of V mislikc p irtidi' B i- ntii' ' 

changing from elevations to cavufics and holes Bhcn oh-cnatioris win iimk a 
vaiious intervals following inoculation, and this is constiiied as sugui -ting .n tn i 
cell penetiation Xo visible differences wcie observed hitwiin iioinid ninn 
biane lephcas and the 12-houi infected samples, fuitlnr Miggr-ting t id t ' 
sites of vums invasion on the membrane surface li id imdirgoni iipur 
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disintegiation lesultmg in the liberation of vaiious-sliaped smallei pai tides 
The foimation of a dense matu\ around the seat of viius multiplication vas con- 
sideied to be an mtracellulai reaction of the host cell to vnais invasion and con- 
stituted an accumulation of protoplasmic material (Bedson, 1933, 1934, Bland 
and Canti, 1935, Burnet and Rountiee, 1935, Levinthal, 1935, Yanamura and 
h'lejei, 1941) Obseivations on the multiplication of some othei vimses leveal, 
m geneial, similai developmental modes The obseivations of Tang and Wei 
(1937) on the multiplication of vaccinia nius suggest that this viius may possess 
tvo independent methods of multiplication The first is by simple dmsion, 
giAung use to nev pai tides vith varied morphologj’' The second process of 
multiplication is consideied to be a combined action of the invading nrus and 
the host cell, undei vhich conditions large particles vith accompanjing matn\ 
foimation aie obseived Somevhat similai obseivations veie made ba^ Rake 
and Jones (1942) on the development of Ijmiphogi aniiloma veneieum vims 

Oui fust obseiwations vith the election micioscope veie peifoianed on psit- 
tacosis vims punfied fiom allantoic fluid The tv o distinct moiphological foims, 
one smaller, centrally dense pai tide, and anothei laigei, flat bodj’’ veie levealed 
(figure 14) The size distiibution cuive had two distinct maxima (figuie 16), 
and the latio of the two particle tj^ies vaiied m the samples Agglutination e\- 
peiiments indicated that both particles had antigenic factois in common Oui 
studies on vimshke particles originating fiom infected membianes leveal the 
same ovei-all size lange as in vims from allantoic fluid, but the distiibution of 
particle sizes is diffeient Moiphologicallj% theie is gieat similaiit}'^ between 
pai tides seen in allantoic fluid (figuie 14) and those obtained from vibiated in- 
fected membianes (figures 4 and 5) These findings suggest that w e aie piobably 
dealing, in both cases, with the same tj'pe of Aums particles, the piincipal dif- 
ference being that in a 72-hour infected membiane the morphological develop- 
ment of the Auius IS, on the aveiage, in an earlier phase than aie those oiigmatmg 
from 5- to 6-day cultuies of allantoic fluid 

In OUI expeiiments vims pai tides from vibrated membianes were not appaient 
until 12 houis after infection In spite of extensile obseivations onlj'- a few iso- 
lated particles weie found that lesembled the typical lums particle contained m 
the inoculum The fact that the 6-houi infected membianes did not leieal any 
such vuais pai tides indicated that the pai tides lasible m subsequent samples 
w'eie new giowdh and not origmal inoculum Light micioscopic and electron 
micioscopic obsen^ations aie apparentlj”^ in agieement as to the time necessarj’’ 
for the fiist cj'^cle of vims multiplication 

Om obseivations on later samples also levealed large, dense particulate ag- 
gregates, vaijung m size and density, on whose border areas were exposed many 
Auius fonns (figuie 13) and which ma 3 '^ correspond to a colom of Aam« IManj^ of 
the aggregates were piobablj’’ distorted bj”^ the some aabration, but m general 
thej’’ manifested considerable lesistance, indicating that the particles wuthin the 
aggiegates are finnlj' embedded 

It appeared to us that the Aums in certain instances associates itself A\ith A^ar- 
lous normal intiacellulai elements and possiblj”^ follows a pattern of deAclopment 



^ heinmets and O J GOLDB [^01 of. 

similar to the noimal reproduction of these components Spocuhling along linf^ 
upon which others (Zinsser, 1937, Stanley, 1939, Stanlei, 1941, Soule, lOIOl 
have theonzed, it may be that certain forms of the normal intracelluhr striu lure 
once they have been m direct contact mth an invading viius bodi , deielop the 
potentiality themselves to produce \nnis at the seat of contact or induce aini- 
groudh in associated elements This would then be meiciv iii alteicd repro 
duction of the normal cellular constituents resulting fioni the new piftern in 
duced by the virus Virus growth as just desciibed is siniph ui ibnorinilli 
rapid multiphcation piocess of modified noimal intracclluhii stiiictiiial olenient' 
wuthin a certain hrmted size lange It may be akin to malignant ti^^suc growth, 
w'herein abnormal repioduction of appaiently noimal cells takes jilice 'Hie 
stimulus for the latter is, m most instances, unknown, but in the cisc of the 
viruses wmuld be the piesence of hving \mais pai tides cairving the growth in 
ducing propel ty It will be recalled that even in Miais infections one of tlioe irliC't 

manifestations is stimulation of cell giowth in the vicinity of the alTcctcrl an i 

The question still lemains as to whether direct viius miiltiplicition can lie 
initiated without association with some stnictuial elements of tiic fell Light 
micioscopic obseiwations, due to insufficient icsolvmg powci, cm onh indu iti 
that multiplication pioceeds without large particle foimafion Election niuro 
scopic observations, although of inci eased lesolving pow ei , liai c the di' uh ml igf 
that they aie perfoimed on dried specimens and the objects of siiuK .in‘, of 
necessity, lemoved fiom then intracellular cnviionmcnt \mis bod\ eoiiil.ini 
tions weie seen in both vibrated membiancs (figures 0, 7, and 11) and dIuiloK 
fluid preparations (figuie 14), a fact which suggests tint simple dnision odtir' 
although not necessanlj' equal division Similar obser\ationswcicm uleln H >k( 
cl al (1946) on the development of Ijunphogranulomn vcneieuin iiiu- in tin 
yolk sac Howevci, these foims maj- pievioush' have been (oiinedcd (o Hrgf 
forms 01 to intracelhilai elements and become '^opai itecl latei In ino'l of tin ' 
observations, the dense cential matenal of the clement iiv lioch ‘-ffiin to [iln ‘ 
significant lole in tlie process 

Fuither uncertainty exists conccining the Iimction and signiln mn in nm- 
multiplication of the two major tvpe virus bodies, i c , the ‘-mall bod\ willi llo 
dense center and the laiger flat bod> Repeated ob^erv itioin tn il< ihi mi 
pression that there aieusuallv one or ‘several small dense p irtulc- v-onilid with 
i laige bodj and suggest that tlie flat bodv gives ri-c to =nnlhr dni'i form- 
following which it disintegi ates (figure 14 1, li) 'llio c iilui ip< "f fr<< f ‘f 
bodies IS ilbO uncertain, but our impression is tint ‘•rimr tvjx of lh» (irifn 
dense pai tides (figuie )D, E, E) isaprcdii-oroftlien itfornw Ho phdiofmm"i 
of reariangcment in the shape of the dense ccnlrd m iff n d -ffoi- fo h< on 
of vinis multiplication, ind further ilcvdopmcnf d form-, > g hpin Wl> 
result in rhain form if ion, is in figure If J iirthtr suggf-liw (\id<m( i ' 

in icompinson hetwfcn the size didribiitum ( nrve- of p irtu !< - oriirm itma r' .. 

3- fo G-thv ill iiifOK fluid prep iratioii'- uid tin 72 hour inffd'd ti m 
former his two di-tiiut pirtule -ize m ixim i, hut tin ! iU< r -Iio - nio'. < f' 
mtormednte uid -in ilk r form- Hu- sugge-t- fh it int'rimdiif. loan 
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further development and with rearrangement of the dense central portion, give 
rise to other centrally dense particles in the smallest size region, after which they 
appear as flat bodies, and thus might be considered as late stages of the so-called 
initial bodies Our impression is that the “wrinkled pea” appearance (Rake 
et al , 1946) of the elementary body with the irregular central mass is not an 
artifact due to the drying process, but is caused by the uneven distribution of 
this matenal in the virus body at certain stages m its development The form 
of this matenal appears to change with the cycle from a rounded mass, almost 
filhng the body, to a more irregular, ameboid-shaped form In the later stages it 
becomes dispersed in scattered areas throughout the large body and finally dis- 
intligrates almost entirely, resulting in the flat forms 

In bnef summary then, incorporting previous views, the following modes of 
psittacosis virus development in the egg are suggested the virus bodies are ad- 
sorbed rapidly onto the cell surface and soon penetrate the cell wall, leaving holes 
in the membrane whichAare quickly repaired Some of the virus particles may 
have the potentiahty to multiply directly, provided the environmental conditions 
are smtable This does not exclude the possibility, however, that the virus must 
contact certain normal structural elements of the cell before it acqmres the ability 
to reproduce itself It is suggested that one route of development may proceed 
by association with or incorporation into normal cellular constituents, following 
which either the normal cellular elements then produce the altered matenal 
recognized as virus or the virus itself gams therefrom the capacity to reproduce in 
kind 
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There has been very httle eYpemnental work on the mechanism by which 
streptomycm (SM) exerts its activity on hvmg cells or the reason for the resist- 
ance of some bactena to its action Several reports have compared the meta- 
bohc activities of strains susceptible and resistant to SM (Graessle and Frost, 

1946, Murray et al , 1946, Sehgmann and Wassermann, 1947) Some mvesti- 
gators (Benham, 1947, Hirsch and Dosdogru, 1947, Bemheun and Fitzgerald, 

1947, Geiger, 1947) have faded to obtam SM inhibition of the oxidation of 
carbohydrates or carbohydrate mtermediates by bactena susceptible to SM 
On the other hand, with certam bactena SM has been shown to inhibit the oxida- 
tion of benzoic acid (Bemheim and Fitzgerald, 1947), ammo acid metabolism 
(Geiger, 1947), and the oxidation of sodium nbonucleate (Erampitz, Green, and 
Werkman, 1947) 

The work reported in this paper is concerned with the effect of SM on (a) 
certam punfied enzyme systems, (b) aerobic and anaerobic oxidations by restmg 
cell suspensions of Staphylococcus aureus, Bacillus cereus, and Shigella sonnet, 
and (c) the production and utihzation of certam intermediate and end products 
resulting from aerobic metabohsm 

methods and materials 

For the experiments with punfied enzymes, carboxylase was prepared from 
dned brewer’s yeast (Green, Herbert, and Subrahmanyan, 1941), carbomc 
anhydrase was prepared from sheep blood (Tauber, 1936), and a rat heart prepa- 
ration (Stotz and Hastings, 1937) was used for the study of the succinoxidase 
and cytochrome-cytochrome-oxidase systems Manometnc techmques u ere em- 
ployed for measunng the activities of the following enzymes rabbit blood catalase, 
carboxylase (Green, Herbert, and Subrahmanyan, 1941), urease (Sizer, 1939), car- 
bomc anhydrase, succinoxidase, and cytochrome-cytochrome-oxidase with hydro- 
qumone as substrate The method used for measunng tiyptic activity w as that 
of Anson (1938) The cji;ochrome-cytochrome-oxidase system m mtact baker’s 
yeast was studied by the spot plate test desenbed by Sevag and Ross (1944) 
There was ^-hour contact between the enzymes and SM before measurement of 

* Present address Bio-Science Laboratories, Inc , Los Angeles, California 

- With the technical assistance of Carol F Kirkwood, Renate Hirsch, and J F W 
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activity, with the exceptions of urease and trypsin with which the activity iias 
measured immediately after the SM was added 

Strains of S aureus, B cereus, and S sonnet, sensitive to approximately 1 
Mg SM per ml, were used m the bacteiial studies Variants resistant to 1,000 
Mg per ml were obtained by serial transfer in broth contaimng increasing con 
centrations of SM and were studied concomitantly with the parent-susceptible 
strains The S aureus suspensions used were prepared from 18-hour growth m 
a modified Tandy and Dickens (1942) semisynthetic medium at 37 C The 
B cereus and S sonnet cells were prepared from 18-hour grow'th in nutrient 
broth All flasks were inoculated from 24-hour agar slants of the cultures 
Constant volume Warburg respirometers were used in the manometnc experi- 
ments The manometers were shaken through a to-and-fro distance of 3 5 cm at 
a rate of 110 cycles per minute All experiments were run in duphcate and were 
repeated at least once 

For the aerobic experiments the cell suspensions were centrifuged, washed twice 
witn m/60 Sorensen’s buffer, pH 7 2, and resuspended in the same buffer to the 
appropnate turbidity In the study of endogenous respiration 12 mg (dry 
weight, tn vacuo over H 2 SO 4 ) of bacteria were used per flask, and the O 2 consump 
tion was measured over a penod of 24 hours at 36 5 C The respiratory rate of 
the controls slowly decreased over this time period to about 10 per cent of the 
imtial rate When substrates were added the cell suspensions were diluted so 
as to consume approximately 100 to 200 mm® O 2 per hour The Warburg flasks 
contained a final concentration of m/60 Sorensen’s buffer, pH 7 2 in most cases, 

0 5 per cent substrate, and 1 to 3 mg cells In all cases substrates were added as 
the neutral salts The inner cup contamed 0 2 ml 20 per cent KOH to absorb 
CO 2 In all manometnc experiments the SM was placed in the side arm and 
added to the system after an equihbration period of approximately 15 minutes 
m the water bath at 36 5 C Oxygen consumption was measured over a penod 
of 3 hours 

In one series of aerobic expenments, chenucal determinations were made of 
certain intermediate and end products of metabohsm found in the cell environ- 
ment and denved from various carbohydrate substrates, both m the absence 0 
SM and in the presence of inhibitory concentrations of SM Substrate con- 
centrations and amounts of cells were chosen in these expenments so that approx- 
imately two-thirds of the imtial substrate had been utilized by the end of t e 
3 -hour observation penod At the end of the expenments, the cells and super 
natants w ere separated by centrifugation and the chenucal tests performed 
Colonmetnc methods were used for the determination of glucose (Somogyi, 
1945), pyruvate (Buedmg and Wortis, 1940), lactate (Barker and Sumnierson, 
1941X and ethanol (Henry et al , 1948) Smce even purified SM interfered vatu 
the ^ucose test, the supernatants were always diluted for this detemunation 0 
reduce the SM concentrations below the level giving interference Glycerol nas 
detenmned by a techmque developed m this laboratory in which the 
hyde produced upon sphttmg the glycerol with penodic acid is determined co or 

imetncally after reaction with l,8-dihydroxynaphthalene-3,6-disulfonic aci 
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(chromotropic acid) Acetate was determined by the steam distillation and 
titration procedure of Elliott et al (1942) The titration values vere converted 
to acetic acid, although any volatile acid will be determined by this method 
The 1 educing substances in the cells were deteimined as glucose by the method 
of Somogyi (1945) following hydrolysis in 3 n HCl at 100 C for 3 hours 

In the anaerobic Warburg experiments the cell suspensions v ere washed tince 
with 0 117 per cent NaHCOs (the concentration necessary to give a pH of 7 2 
when equihbrated mth the CO 2 -N 2 mixture used, 93 5 per cent N 2 + 6 5 per 
cent CO 2 ) and resuspended in the same NaHCOa solution to the appropriate 
turbidity The Warburg flasks contained a final concentration of 0 117 per 
cent NaHCOs, 0 5 per cent substrate, and from 1 to 3 /ig cells CO 2 production 
was measured over a period of 3 hours 

The cells for the Thunberg experiments were prepared by washing them twice 
vnth m/30 phosphate buffer, pH 7 2, and resuspending them in the same buffer 
The tubes contained a final concentration of O 5 per cent substrate (m/50 in the 
case of amino acids), 0 002 per cent methylene blue, and 100 ng SM per ml in 
the m/30 phosphate buffer The cells were placed in the cap The tubes were 
evacuated to 20 mm Hg with an ordinary water aspirator for 3 minutes while 
in a water bath at 40 C The cells were then nuxed with the contents of the tube 
and reduction time was measured 

The SM preparations used in this work included the following streptomycin 
sulfate, Pfizer commercial, lot no 456, streptomycin hydrochloride, Merck 
commercial, streptomycin sulfate, Pfizer lot no S7117A, 830 fig streptomycin 
base per mg, streptomycin sulfate, Parke, Davis, 800 y-g streptomycin base per 
mg The dihydrostreptomycin, lot no 411 X 156, assay 585 yg per mg, was sup- 
phed to us by Parke, Davis and Company 

Many of the substrates were kmdly supphed by E S G Barron, Department 
of Medicine, Umversity of Chicago, and by J F Owings, Jr , W N Nutter, and 
H E Thompson of Camp Detnck, Maryland 

RESULTS 

Purified enzyme systems The activities of rabbit blood catalase, yeast car- 
boxylase, urease, carbomc anhydrase, trypsin, succinoxidase, and the cytochrome- 
cytochrome-oxidase systems were unaffected by 500 yg SM per ml The cata- 
lase activity of (S aureus and the cytochrome-cytochrome-oxidase system of 
intact baker’s yeast were umnhibited by 500 and 1,000 /ig SVl per ml, respec- 
tively 

Endogenous respiration SM in concentrations up to 2,000 yg per ml had no 
effect on the rate of endogenous O 2 consumption of <8 aureus dunng the 24 hour 
observation penod The addition of nbonucleic acid (Schv arz Labs , Inc ) to 
the reaction system had no effect either m the presence or absence of SM 

The endogenous O 2 consumption of the susceptible strain of B cereus, how- 
ever, was inhibited by even 1 yg SM per ml The endogenous rate of the re- 
sistant stram of B cereus was inhibited only slightly by 100 yg SM per ml The 
endogenous R Q of the susceptible stram of B cereus was found to be 1 0 in 
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the absence of SM, indicative of carbohydrate oxidation In the presence of 

10 fig SM per ml, the R Q was 1 4, indicating that SM alters the endogenous 
metabohsm 

Aerobic oxidation In the case of the sensitive strain of S aureus, inhibition 
of glycerol and lactate oxidations was observed with as little as 1 fig SM per ml, 
whereas no inhibition occurred with the resistant strain with 100 fig SM per ml 
(table 1) SM in the concentration of 100 fig SM per ml did not inhibit the 
oxidation by the sensitive strain of the followmg substrates glucose, fructose, 
ethanol, pyruvate, ascorbate, sodium salt of adenylic acid, glutamate, D-nbose, 
“■glycerophosphate, glyceraldehyde, dihydroxyacetone, glycerate, and glyoxal 
Among the substrates not utihzed were sucemate, fumarate, butyrate, citrate, 
acetaldehyde, stearate, glycolate, and glyoxylate Acetate was utilized oc- 


TABLE 1 


The effect of Btreptomycin on the aerobic oxidation of glycerol and lactate by S aureus 





1 AVERAGE % INDIBirrOVS DGRINC TUfE praiODS 

SCBSTBATE (o 5%) 

STRAINS 

S&I 


(ns) INDICATED 





0-0 5 

os-i 

1-2 

a 3 



tig/ml 





Glycerol 

S 

1 

0 

10 

14 

20 



10 

0 

15 

26 

32 



100 


23 

35 

42 


R 


0 

0 

0 

1 0 




0 

0 

0 

20 

Lactate 

S 1 

BB 

0 

mm 

15 I 




■■ 

0 


22 

25 


R 

1,000 

0 

0 

0 

0 








S = susceptible strain, R = resistant strain 


casionally at a very slow rate, when utihzed the oxidation was inhibited com 
pletely by 100 fig SM per ml 

With the sensitive strain of B cereus, 1 yg SM per ml produced inhibition o 
oxidation with all the substrates studied, namely, glycerol, lactate, glucose, 
pymivate, ethanol, and acetate The inhibitions were usually quantitatively 
greater than those obtained with iS aureus, in fact the oxidation of acetate v as 
completely blocked by 1 fig SM per ml The concentrations of sodium acetate 
used were 0 054 and 0 027 per cent, both of which gave identical results Utili 
zation of this substrate began at a slow rate dunng the second hour and ap- 
proached a maximum durmg the third and fourth hours (QO 2 == 28) No utili- 
zation occurred even at 4 hours when a concentration of 0 5 per cent was use 
Appreciably less or no inhibition of the oxidation of these substrates by ic 
resistant strain was produced with 100 fig SM per ml 

In expenments with the sensitive strain of <S sonnei inhibition by 10 PS o 
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per ml was obtained with glycerol, lactate, pyruvate, succmate, and acetate, 
but not with ethanol No inhibition occurred vith the resistant stram at a 
concentration of 100 fig SM per ml 

A comparison between the susceptible and resistant strains of the QOs values 
for each substrate revealed that m some cases there was no sigmficant difference 
and in the remainder of cases there were as many increased values for the re- 
sistant strains as there were decreased values Furthermore, there was no 
consistency in these changes between the different orgamsms 

In almost every instance m which inhibition appeared it did so only after a 
lapse of time The inhibition usually mcreased vnth time, and the lag penod 
before the appearance of inhibition generally decreased with mcreasmg con- 
centration of SM (cf table 1) One possible cause for this lag is that time is 
requued for SM to reach the site of action (perhaps a question of cell membrane 
permeabdity) or to adsorb onto that site to a sufficient degree to cause the in- 
hibition Expenments were conducted to test this postulate SM was in- 
cubated for 1 hour with cells of S aureus pnor to the addition of substrate 
(glycerol, lactate) The resultant inhibition appeared at the same time and 
to the same degree as m experiments m which the SM was added to the cells 
at the same time as the substrate 

The inhibitions observed apparently are not of the competitive type Within 
expenmental error the degree of inhibition obtamed with several substrates 
with B cereus and S aureus was the same over a 10-fold range of substrate 
concentrations 

It was reahzed that these inhibitions might be a reflection of the bactericidal 
action of SM If such is the case, the inhibition-time curve should follow the 
same course as the viable cell count, time curve The viable cell count of 
B cereus, however, remamed fairly constant after an imtial drop dunng the 
first 2 hours’ contact with 10 pg SM per ml As mdicated by turbidity measur- 
ments, there was no I5SIS dunng the course of the expenments Furthermore, 
with S aureus and S sonnet, the oxidation of several substrates was not in- 
hibited 

It has been pointed out (Brooks, 1947) that one possible cause for the inhibi- 
tion of O2 consumption by inhibitors is an altered permeabihty of the cell mem- 
brane to O2 or the exogenous substrate Since inhibitions v ere observed under 
anaerobic conditions, it seems unlikely that the inhibitions under aerobic con- 
ditions are a reflection of altered permeabihty to O2 Altered permeabihty to 
exogenous substrate was apparently ruled out b}’’ expenments in which it uas 
shovm that SM did not affect the permeabihty of susceptible cells to p5Tuvate 
(unpubhshed data) 

It was reasoned that if SM blocks a respiratory cham at a specific point, then 
the substrate for that particular enzyme should accumulate Tables 2 and 3 
are balance sheets shoving the effect of SM on the aerobic carbohj drate metabo- 
hsm of B cereus and S aureus, respectiveb’’ 

In the calculation of these tables it was assumed that the endogenous respira- 
tion continues umnfluenced by the presence of added substrate, and the O2 con- 



HENEY, HENEY, HOUSEE'EIGHT, and BEEK5IAN [vOL 56 

sumption values in the presence of substrate were corrected accordingly In 
expemnents vith acetate as substrate for B cereus SM completely blocked the 
utilization of acetate (determined by chemical analysis at the beginning and end 
of the expenments) and reduced the rate of O 2 consumption to that of endogenous 
controls containing the same SM concentration Especially wth B cerem and 


TABLE 2 

Balance sheet shovjing ike effect of streptomycin on the aerobic carbohydrate 
metabolism of B cereus 
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Each value is the average of 2 to 6 expenments run in duplicate 

* Change dunng experiment in total cell-reducing substances not related to endogenous 
metabolism, determined as glucose, and expressed as percentage of C relative to the to a 

C in the substrate utilized , 

t Where an R Q value is not given, the R Q obtained with the other concentration 

SM IS assumed . 

t A violet-red color developed in these determinations unlike the color given iiy py 
ruvate The substance present causing this is unknown 

its relatively high endogenous rate, if this correction is not made certain values 
in the balance sheets vould be changed quantitatively but not qualitatitey 
Since interpretations are made only from the qualitative nature of the=e resu s 
the vahdity of this assumption is not cntical 

In instances in vhich an mterfenng substance was found to be pre=^ent lor ^ 
particular analysis and it vas not possible to make a correction for this in cr 
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ference, the analyses were omitted from the data given m tables 2 and 3 Tests 
for some of the substances m the supernatants from endogenous systems were 
positive although the amounts found were small These values were subtracted 
from those obtained for the supernatants contaimng imtial substrate 
Along with the determinations of reducing substance in the cells at the end 
of the expenment, an aliquot of cells stored at 4 C during the expenment was 
analyzed The total reducing substance in the cells of the endogenous controls 
at the end of the experiment was usually considerably less than that m the ah- 


TABLE 3 


Balance sheet showing the effect of streptomycin on the aerobic carbohydrate 
metabolism of S aureus 
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Each value is the average of 2 to 6 experiments run in duplicate 

* Change during experiment in total cell-reducing substance not related to endogenous 
metabolism, determined as glucose, and expressed as percentage of C relative to the total 
C in the substrate utilized 

t Where an R Q value is not given, the R Q obtained with the higher concentration of 
SM IS assumed 


quot stored at 4 C This undoubtedly represents utihzation of stored carbo- 
hydrate reserves This was conhrmed by the observation of an R Q of 1 0 for 
endogenous O 2 consumption vuth B cereus Since m all other calculations it 
has been assumed that endogenous metabohsm is imaffected by the presence of 
exogenous substrate, the value for the total reducing substance found in the 
endogenous cells at the end of the expenment was taken as the reference point 
from nhich the reducing substance m the cells exposed to exogenous substrate 
either increased or decreased 

The columns m tables 2 and 3 headed by “% of theoretical O 2 consumption” 
represent (observed O 2 consumption per theoretical O 2 consumption for com- 
plete oxidation of substrate utihzed) X 100 This “theoretical O 2 consumption” 
IS seldom reahzed, and in some reports it has been adequatel} demonstrated 
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that a considerable part of the fraction of substrate not oxidized to completion ,o 
synthesized to a carbohj^drate and retained by the ceU It has been found (Clif- 
ton, 1946) that m the presence of appropnate concentrations of certam inhibitors, 
e g , azide, the O 2 consumption approaches the theoretical for complete oxidation 
and the sjmthesis of the carbohydrate is blocked As shown m the tables, the 
percentage of theoretical O 2 consumption did not mcrease m the presence of SM 
These experiments were not allowed to go to completion, and, as seen in the 
tables, certain substances tested for appeared m mcreased amounts in the pres 
ence of Shi It was considered possible that if these substances (and probably 
others not tested for) were permitted sufficient tune to be metabohzed, the per- 
centage of theoretical O 2 consumption might have mcreased Several experi- 
ments were run with B cereus, usmg glucose, glycerol, and lactate as substrates, 
to test this possibihty The experiments were contmued at least 1 hour after 
the substrate was exhausted The percentage of theoretical was not mcreased 
either m the presence of inhibitory orsubinhibitory (0 1 iigperml) concentrations 
of SM 

The columns headed “Theoretical K, Q ’’ represent R Q values for complete 
oxidation of the substrates to CO 2 and H 2 O The columns headed “Observed 
R Q ” represent average values for 3-hour experiments, and are not corrected for 
endogenous respiration If the corrections are made, the values are changed by a 
maximum of 0 per cent Two facts appear upon studymg these columns first, 
SM m inhibitor}'' concentrations does not affect the R Q ’s, second, with but two 
exceptions (glycerol as substrate for both orgamsms, and lactate as substrate for 
S aureus), the observed R Q ’s do not differ significantly from the theoretical 
values Smce in no instance was a substrate oxidized completely to CO 2 and 
H 2 O, m order for the R Q not to change, the total C, H, and 0 m the other sub- 
stance or substances formed from the substrate must be m the same or very 
nearly' the same ratio as in the substrate Failure of the observed RQ to 
conform 'with the theoretical can only mean the contrary The oxidation of 
glycerol by S aureus offered an opportumty to determine whether the observed 
R Q was compatible with the ovei-all reaction mdicated by the chemical an- 
alyses for mtermediates and end products m a case m -uhich the observed an 
theoretical R Q ’s differed, and m which approximately all of the C in the su - 
strate utihzed was accounted for The over-all reaction as indicated by t e 
balance sheet (table 3) gives an R Q of 0 72, which agrees %-ery weU with the 
observed R Q of 0 73 This close agreement also mdicates that at least m this 

instance the volatile acid determmed was acetic 

All the quantities of the various substances tested for in the supematan s a 
the end of the experiments as well as the reducmg substance (detenume 
glucose) m the cells were converted to C These G values were then re eirc 
to the C which disappeared as the imtiai substrate These percentages 0 
recovenes are hsted for the vanous substrates with and without SM m a 
2 and 3 These values vaned somewhat from expenment to expermen 
the trends were constant, and smce no mteipretation is to be made from 
axact magmtude, the averages of several experiments are gi'^en m the a 
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Acetate -nas the only substance tested for that r\as found to be present con- 
sistentlj^ in higher amounts m the presence of SM than m the absence of SM 
This held true for all substrates with both organisms Acetate also was found 
to accumulate m increased amounts during the endogenous respuation of the 
susceptible stram of B cereus in the presence of inhibitoi^’' concentrations of SM 
As seen in table 2, both the oxidation and utihzation of acetate by the susceptible 
stram of B cereus were completely blocked In the case of the resistant stram, 
neither the oxidation nor the utihzation of acetate was inhibited by 100 /xg SM 
per ml 

One possible explanation for the inhibition of the oxidation of substrates other 
than acetate, with B cereus, uhich was considered was the foUowmg as acetate 
accumulates the eqmhbna m the enzymatic cham are shifted until a point is 
reached at which the over-all rate is decreased Ex-penments were run to test 
this possibihty Acetate m a concentration approximating that recovered at 
the end of other experiments was added with glucose The inhibition of Oo 
consumption developed at the same time and to the same extent whether or not 
acetate was present These results would appear to rule out this possibihty 

Examination of the data m the columns headed “Glucose mcrease m cells, 
expressed as % C” reveals that with one exception {S aureus, lactate as sub- 
strate) the total hydrolyzable reducmg substance of the cells mcreased m the 
absence of SM These mcreases, however, are considerably smaller than those 
reported for similar experiments with other nucroorganisms such as yeast fWmz- 
ler, 1940) "With B cereus, inhibitory concentrations of SM appeared to block 
this increase partially or completely IVith B cereus, therefore, SM apparently 
blocked the oxidative assimilation of carbohydrate The percentage of theoreti- 
cal O2 consumption did not mcrease concomitantly because of accumulation of 
substances such as acetate in the supernatant With S aureus, however, there 
was no mdication of such a block 

The last columns of the tables show the total percentage of C recov ered in the 
substances tested for (mcludmg the CO2 produced) from the C disappearmg as 
substrate In only one case (glycerol as substrate for S aureus) was all of the 
C accounted for This was to be expected smce unquestionably there are many 
more mtermediates formed m the metabolism of these substrates than were tested 
for It IS qmte possible that some of these also accumulate m the presence of 
SM 

Anaerobic metabolism Smce the multiphcation of the three susceptible strains 
under stnctly anaerobic conditions was inhibited by SM, it was of interest to 
determine whether SM also inhibited the metabolism of any substrates anaerobi- 
cally Of the substrates utilized by S aureus, no inhibition was obsen ed m 
any case With B cereus, inhibition of the anerobic metabolism of glucose and 
pjTUV'ate was produced bj' 1 ng SiSI per ml With B sonnet, 1 /xg Sj\I per ml 
inhibited the metabohsm of pyruvate Agam when inhibition occurred, usuall3 
there v as a lag penod before it developed In all cases the resistant strains were 
unaffected by 100 ug SM per ml 

Differenhation between metabohc CO» and acid production (both being meas- 
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ured as CO 2 liberated under anaerobic conditions) was made m the following 
three cases (Umbreit et al , 1945) m the oxidation of glucose by B cereus and 
S sonnet the CO 2 was acid CO 2 , in the oxidation of pyruvate by S sonnet ap 
proxunately 70 per cent of the CO, was acid CO 2 and 30 per cent metabohc CO 2 
In the latter case the production of both acid and metabohc CO 2 was inhihited 
by SM 

Using S aureus, the anaerobic metabohsm of the followmg substrates was 
studied by the methylene blue Thunberg techmque glucose, fructose, ethanol, 
glycerol, succinate, p 3 Tiivate, lactate, acetate, citrate, malate, cis-acomtate, 
xanthine, stearate, DL-isoleucine, L-Ieucme, DL-alanme, /3-alamne, DL-phenyl- 
alamne, DL-vahne, n-lysme HCI, nn-lysme diHCl, L-argmine, L-glutamate, dl- 
methiomne, glycine, L-tryptophan, and L-asparagme hydrate In no case was 
any inhibition observed, m many instances there was stimulation In view of 
the lag penod observed before inhibition of respiration develops m the Warburg 
respirometers, inhibition might not be expected m the Thimberg tube smce the 
reaction was complete withm 10 to 20 mmutes Furthermore it was found that, 
when methylene blue m a concentration that even shghtly inhibits oxygen uptake 
(usmg a substrate the oxidation of which can be inhibited by SM) is added to 
the Warburg flasks, as much as 100 y.g SM per ml produce no further inhibition 
This too might explam why no inhibition was obtained in the Thunberg tube 
smce the controls and the tubes contaimng SM all contained methylene blue in 
an inhibitmg concentration 

With B cereus the followmg substrates were studied glucose, glycerol, lac- 
tate, pyruvate, ethanol, acetate, and succmate There was no inhibition 

Indications that the inhibitions observed are due to SM Since it is possible 
that the inhibitions might be produced by impunties m the samples of SM, 
several different preparations of varymg punties were used The inhibitions 
were the same with commercial SM-sulfate, commercial SM-hydrochlonde, and 
highly purified SM-sulfate, Pfizer, and SM-sulfate, Parke, Davis SM inacti- 
vated by being boiled 30 minutes m 05 n NaOH did not produce inhibition 
Dihydrostreptomycm produced the same inhibition of glycerol oxidation by S 
aureus as SM-sulfate, Pfizer 

In vitro, the maxima l activity of SM occurs at approximately pH 7 8, and de- 
creases markedly below pH 7 0 (Wohnsky and Steenken, 1946) A comparison 
of the pH activity curves of SM on the multiphcation of the sensitive strain of 
S aureus and its aerobic oxidation of glycerol and lactate revealed supenmpos 

able patterns c u * nl 

In correlation with the antagomstic effect of salts on SM inhibition of bac en 

multiphcation (Berkman, Henry, and Housewnght, 194/'), salts ivere oun 
antagomze the metabolic inhibitions The phosphate buffer ' 

the respirometers was found to have a direct relation to the degree 0 _ 

observed For example, m the oxidation of lactate by B cereus, in ai// 0 bu 
no inhibition occurred with 100 //g SM per ml, but in ji/120 buffer , 

inhibition occurred ivith as low as 1 0 ;ig per ml Inhibition of the , 

pyruvate in ai/7 5 phosphate buffer reached 40 per cent with 10 ftg SM per 
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whereas in m/120 buffer inhibition reached 70 per cent with 10 ng per ml A 
m/120 phosphate buffer was adequate for maintaining the neutral pH m the 
respirometers Salt added to the system after inhibition of respiration had begun 
did not reverse the inhibition This might indicate that these inhibitions are 
irreversible 


DISCUSSION 

Numerous quantitative differences were observed m QO 2 values and anaerobic 
CO 2 production between the susceptible and resistant strains of the three or- 
gamsms studied No indication as to the cause for resistance or the mode of 
action of SM, however, can be derived from these differences smce none was 
consistent among the three organisms The fact that these changes do not 
occur consistently m the same direction would indicate that the interpretation of 
Sehgmann and Wassermann (1947) that resistant strains have “damaged” 
enzyme systems is unwarranted 

The inhibitions of metabohc functions produced by SM seldom reached 100 
per cent (excepting acetate as substrate with B cereus), indicatmg either that 
some intermediate reaction is only partially blocked or that the step that is 
blocked is in parallel with others not affected In every instance studied, ace- 
tate (or a sumlarly volatile acid) accumulated more m the presence of inhibitory 
concentrations of SM than in its absence The fact that the oxidation of acetate 
by the sensitive strain of B cereus was very susceptible to SM might account 
for the increased accumulation of acetate m this case With S aureus, however, 
there is evidence that the greater accumulation m the presence of SM resulted 
from greater production of acetate in the presence of SM First, S aureus 
oxidized acetate at a very low rate Second, with glucose, a substrate the oxida- 
tion of which was not inhibited, more acetate did not accumulate m the presence 
of SM, although acetate was one of the end products of its metabohsm This 
increased production of acetate could result from SM blocking an alternate 
pathway that does not have acetate as an end product 

SM might inhi bit, the functioning of an enzyme in a carbohydrate reaction 
chain by combimng with it specifically The lag period usually observed for 
the development of the inhibition would seem to favor an alternative hypothesis 
The lag period may represent the time during vhich some substance essential for 
the metabohsm is being depleted and not being replemshed (other intrepretations 
were rejected in an earher section) SM would then be blocking the formation 
of this essential substance (enzyme? coenzyme? substrate?) The observed in- 
hibitions of oxidative metabolism would thus be an mdirect consequence of the 
pnmary inhibition 

Whether or not the inhibitions of metabohc functions observed bear a causal 
relationship to the bacteriostatic action of SM cannot be said from these expen- 
ments Several obseniations were made which, although not constitutmg 
direct endence for a causal relationship, are, however, compatible vath such a 
hypothesis These observations are as follows First, the inhibitions m the sus- 
ceptible strains were brought about m most cases by concentrations of SM 
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that just cause bactenostasis Second, the same functions m resistant strains 
were affected appreciably less or not at all by much higher concentrations of 
SM Third, the pH-activity curves for SM are very similar m the tno cases 
Fourth, salts reverse both phenomena Fifth, SM’s of varymg purity produced 
the same degree of inhibitions, indicating that the inhibitions probably were not 
due to one or more impurities present This is further evidenced by the failure 
of SM inactivated by heat and alkah to produce the inhibitions 


SUMMARY 

Streptomycm in very high concentrations does not inhibit catalase, carbonic 
anhydrase, cytochrome-cytochrome-oxidase, succinoxidase, carboxylase, urease, 
or tiypsin 

Streptomycin in concentrations just bacteriostatic noncompetitively inhibits 
the metabohsm of certam carbohydrate intermediates in susceptible strains of 
Staphylococcus aureus, Bacillus cereus, and Shigella sonnei Resistant strains 
of these orgamsms were little or not at all affected by high concentrations of 
streptomycin 

It IS postulated that streptomycm either inhibits an enzjone or enzymes in 
volved in carbohydrate metabohsm or inhibits their formation This inhibition, 
m both cases studied m this investigation, resulted in increased accumulation 
of acetate 

Whether or not the inhibition of metabohc functions observed bears a causal 
relationship to the bacteriostatic action of streptomycm cannot be concluded 
from this study, although all the observations made are at least compatible with 
such a theory 
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Histoplasmin was originally defined by Zarafonetis and Lindberg (1941) as 
“the antigenic substance or substances of Histoplasina capsulaiiim" Darbng 
The term, however, is now used generally to indicate the filtrate derived from the 
growth of the mycehal phase of Hisioplasma in a hqmd synthetie medium and 
capable of producting a positive skin reaction in sensitized animals and man 
The histoplasmin that was prepared by Zarafonetis and Lindberg and that pro- 
duced cutaneous reactions in experimentally infected rabbits v as a filtrate from 
a 7 weeks’ grovdih of the mycehal phase m Wilhams’ synthetic medium (Wilhams 
and Saunders, 1934) Van Perms, Benson, and Hohnger (1941) used a filtrate 
from about 1 month’s growth of the m 3 ^cehal phase m a glucose broth and ob- 
tained cutaneous reactions in an infected human patient and m expenmentallj’" 
infected mice Emmons, Olson, and Eldndge (1945) leported the preparation 
of histoplasmin in the sjmthetic broth medium used by Smith (1943) for the 
preparation of coccidioidin The particular lot of histoplasmin used most ex- 
tensively by Emmons et al (1945) and by Palmer (1945) was grown m a dark 
cupboard at room temperature for 7 months A similar preparation was used by 
Chnstie and Peterson (1945) in their studies on histoplasmosis 
Although histoplasmin has been used extensively for intradermal testing, httle 
IS knoiTO about the process by which the antigen is produced and what factors 
are most influential in its formation Accordingly, a study was imtiated to 
determine what factors play important roles in the development of histoplasmm 
This paper reports expenments on the mfluence of the environment and of nu- 
tritive substances in the medium on the formation of histoplasmin 

MATERIALS AND METHODS 

The mne strains of H capsulatum used m this stud 3 '^ uere obtained from the 
collection matmtained m this laborator 3 '^ The stock cultures were kept on 
Sabouraud’s glucose agar at room temperature 
The asparagme glucose medium (Smith, 1943) with vhich experiments vere 
started had the follovang composition 


L-Asparagme 

14 0 g 

Glucose (cerelose) 

10 0 g 

Glycerin 

25 0 g 

INIagnesium sulfate 7H 0 

1 5 g 

Dipotassmm phosphate (K HPOi) 

1 31 g 

Sodium citrate SJ H 0 

0 9 g 

Ferric citrate (scales) 

0 3 g 

Water to make 

1,000 ml 


541 
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This mediuna was dispensed usually in 250-ml Erlenmeyer flasks in lOO-ml amounts 
^d inoculated with a small piece of mycehum from a Sabouraud agar slant 
The cultures were incubated at room temperature for varying lengths of time, 
at the end of which periods the broth was decanted and filtered through a Maud 
ler filter 

The antigemc potency of the stenle filtrate was determined by one or both 
of two different methods (a) the complement-fixation test was conducted (Sal 
vin, 194 /b) with sera from rabbits hypenmmumzed with cells of the yeasthke 
phase (Salvin and Hottle, 1948) and from rabbits hypenmmumzed with a sus 
pension of ground mycehum and histoplasmin , (b) the mtradermal tests in 
rabbits and guinea pigs were conducted as descnbed by Emmons e( al (1945) 

In the early phases of the work, the antisera used in the complement-fixation 
tests were obtained from rabbits hypenmmumzed with histoplasmm and for 
mahzed ground mycehum Later, however, when large quantities of the yeast- 
like phase became available (Salvin, 1947a), rabbits were similarly h 3 'penia 
munized with formahzed yeasthke cells Antigens assayed with antisera ob- 
tamed from the latter consistently showed higher complement-fixing titers, 
although four umts of each serum were used in all cases Eelatively low titers 
of the filtrate from the asparagme glucose medium (1 64 to 1 512) appeared with 
serum from the rabbits immumzed with histoplasmm and ground mycehum, the 
high titers (1 4,000 to 1 16,000) with serum from the rabbits mimumzed with 
the yeasthke phase The explanation for this phenomenon is not knoivn 

EXPERBIBNTS AND RESULTS 

Relationship between shin-test activity and complement-fixation antigemcity 
In order to leam whether the power of histoplasmm to produce a skin reaction 
was related to its power to fix complement m the presence of unmune serum, 
tests were conducted on different lots of histoplasmm As shown m table 1, 
those filtrates that did not mduce skm reactions m guinea pigs did not fix comple- 
ment m the presence of immune serum, those that induced only weak skm re- 
actions had low complement-fixation powers, and those that produced good skm 
reactions displayed high bmdmg power m complement-fixation tests When 
this parallehsm between the two tests was shown to exist and since the com- 
plement-fixation test was capable of bemg more accurately controlled than 
the skin test, complement fixation was chosen as the method for evaluating t e 
activity of the cxdture filtrates m this study 
Biochemical changes in asparagine glucose medium during growth of H capsu 0 
turn Stram 6510 of H capsulatum was groum m 100-ml quantities of the as 
paragme glucose medium m a senes of 250-inl flasks m the dark at room temper 
ature At mtervals the senes was sampled by filtenng the contents of individua 
flasks, and the stenle filtrate was assayed with regard to (a) hydrogen ion con 
centration, (b) concentration of reducmg sugars, (c) total mtrogen content, an 

(d) complement-fixmg power (figure 1) f tUp four 

Durmg the first two weeks no significant change was noted m any ot tn 
factors under study However, at the end of this penod, the growt o 
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mycelium was sufficient to produce measurable changes m the medium The 
power of the filtrate to fix complement m the presence of immune serum increased 
perceptibly, reaching a peak titer of 1 512 at the end of the seventh week This 

TABLE 1 


Relationship between skin test liter and complement-fixation titer of histoplasmin 



STKAIK 

snUsr 

Dilution I ID 

AcrioH* 

Dilution I loo 

l/COMPLEltENT FIXA 
TION IlTEEt 

1 

6510 

0 



0 

2 

6510 

0 

— 

0 

3 

6510 

13 5 

0 

8 

4 

6510 

17 0 

0 «5) 

32 

5 

6510 

— 

14 0 

128 

6 

6510 

— 

13 3 

256 

7 

6510 

— 

13 3 

256 

8 

6507 

— 

2 Of 

0 

9 

6507 

— 

10 

100 

10 

6508 

0 

0 

0 


0 = no titer — = not tested 

* Average diameter (in mm) of oedematous area in at least four sensitized guinea pigs 
t Antigens titered against serum from rabbits hyperimmunized with histoplasmin and 
ground mycelium 

t Three out of four pigs were negative 



Figure 1 Changes in the culture medium following inoculation of strain C510 of H capsu- 
latum and incubation at room temperature (25 C) 


was followed bj’^ a shght decrease to a titer of 1 128 at the end of 21 months 
of growth The pH rose from about 6 6 to about 8 4 dunng the next 4 weeks 
and remained at about 8 5 dunng the rest of the test penod The reducing sugars 
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showed an abrupt drop from about 9 6 mg per ml to 0 4 mg per ml, although all 
the sugars were not utilized until the forty-fifth day after inoculation The total 
mtrogen did not change significantly until 4 weeks after moculation, at -nhich 
time there was a gradual decrease, which contmued for the next 2 i\eeks The 
quantity of mtrogen m the medium thereafter remamed the same, namely, about 
two-thirds of its ongmal value 

Influence of carbohydrates on htstoplasmin formation Studies were made of 
the growth of stram 6510 in 100-ml quantities of the asparagine medium contain- 
ing 1 per cent of one of 27 different carbohydrates in addition to the glycerol 
already m the basal medium (table 2) The highest titers (1 64,000 and 1 128,- 
000) after 9 weeks of growth were observed in the media containmg cellobiose, 

TABLE 2 


Effect of carbohydrates on the produclton of histoplasmtn by strain 8510 of H capsulatum 



COMPIEVEKI rUCAnOV TIIEES* ATTES CIOWTH OE 

4 wk 

6 wk 

9 wk 

No sugar 

0 

0 

512 

Glucose 

0 

4,000 

16,000 

Cellobiose 

1,024 

8,000 

64,000 

Dextrin 

256 

16,000 

64,000 

Glycogen 

32 

16,000 

128,000 

Starch 

128 

4,000 

128,000 


Galactose, inuho, lactose, maltose, manmtol, rafiBnose, sucrose, and trehalose produced 
titers approximately the same as those of glucose Adomtol, dulcitol, erythntol, inositol, 
mannose, melezitose, melibiose, rhamnose, and sorbitol produced titers perceptibly lovrer 
than those of glucose Arabinose, levulose, salicin, and xylose produced no titers during 
the first 9 weeks of growth 

* The serum used in determining these compIement-fiAation titers was obtained from 
rabbits hyperimmunized with formahn-killed cells of the yeasthke phase 

dextrm, glycogen, or starch These four carbohydrates also were among those 
that supported development of the antigens as early as 4 weeks after inoculation 
The values obtained after 9 weeks’ growth in the media with the four afore- 
mentioned carbohydrates were considerably higher than those in the medium 
without any carbohydrate, and significantly higher than those in the medium 
with glucose In all carbohydrate media in which good mycehal growth was 
evident, the antigemc titer was equal to or greater than that of the me lum 
without sugar 

Optimal environmental conditions for hisioplasmin formation The aspar^ne 
glucose medium was moculated with the mycehum of strain 6510 and expo- 
differences m hydrogen ion concentration, hght, temperature, surface-io ume 
ratio, and depth of growth Of these factors, optimal conditions for the pr^ 
duction of histoplasmm involved the use of a medium at an imtial pH o / 

8 0, with a surface-x olume ratio as near umty as feasible, and at a temperature o 
mcubation of about 25 C The degree of light and the depth of grou t 
to have no measurable influence on the production of histoplasmm 
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Strain vanalions in histoplasmin formation When eight strains of H capsula- 
tum were compared for histoplasmin production, seven of the eight formed the 
antigen at about the same rate and m the same amount by the end of the growth 
penod, 1 e , about 2 months One stram grew more slowly than the others and 
was correspondingly slow in its production of histoplasmin 

DISCUSSION 

Although skin testmg has been used m the past for determmmg the activity of 
histoplasmm, the complement-fixation techmque was employed m this study 
That the complement-fixation test is vahd for this purpose was demonstrated by 
prehminary parallel tests of activity of histoplasmm used as a skm-testing and 
as a complement-fixation antigen In fact, the complement-fixation test is 
beheved to be more satisfactory for assaymg antigens, because (1) the reagents 
are standardized for each test and can be accurately measured, (2) animfll vana- 
tions are eliminated, and (3) large numbers of titrations can be convemently 
made 

The complement-fixation test has made possible the study of histoplasmm 
formation during the growth of the mycehum Thus, the age of the broth filtrate 
was found to be important, since its titer vaned from zero at 3 weeks to a maxi- 
mum at 7 to 8 weeks Simultaneously with the appearance of histoplasmm, 
several changes in the medium were noted, namely, a sharp nse m pH, a marked 
and rapid decrease in reducmg sugars, and a gradual decrease in total mtrogen 
in solution A possible mterpretation of these phenomena is that as the myce- 
hum grows mtrogen is removed from the broth to form protoplasm and the glu- 
cose IS converted to a nonreducmg substance, which processes are accompamed 
by an increase m alkalmity due to ammoma formation By the end of the grovdh 
period (2 months after moculation), weights of dry mycehum as high as 800 mg 
per 100 ml of culture medium have been found (Salvm and Hottle, 1947) 

When the standard asparagme medium was altered by substituting vanous 
carbohydrates for the glucose, a remarkable difference m the titers of the broth 
filtrates was noted, varymg from 0 to 1 128,000 after 9 weeks of grondh Of m- 
terest is the fact that the highest titers were obtamed m media in vhich the 
carbohydrate was a polymer of glucose and, mth the exception of cellobiose (a 
disacchande), a polyhexose 

Since the production of histoplasmm vanes so greatly under different condi- 
tions of grovdh, each preparation for either skin testmg, complement fixation, 
or precipitin testing should be carefully assayed before use In this v ay, ob- 
servations with different lots of histoplasmin may be more readily compared and 
evaluated 


SUMJLXRT 

A complement-fixation test vas used to evaluate the effect of ennronmental 
and nutntive factors on the formation of histoplasmm bj the mycehum of Histo- 
plasma capsulatum Darhng 

A maximum 5 aeld of histoplasmm m a glucose asparagme medium v as obtamed 
after 8 to 10 weeks of growth at room temperatiue The appearance of histo- 
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plasmin m the medium was paralleled by a nse m alkalimty to pH 8 0 to 8 5, n 
drop in reducing sugars to zero, and a 25 per cent decrease in total nitrogen 
Optimal conditions found for histoplasmin formation involved a medium i\ith 
an imtial pH of 7 0 to 8 0, a surface to volume ratio near umty, and a growth 
temperature of 25 C The presence of light and the locus of growth (whether 
surface or submerged) were not cntical factors 
Although good yields of histoplasmin were produced in media containing glu 
cose, far better yields were obtained with either cellobiose, dextrin, starch, or 
glycogen as the carbohydrate source 
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It IS generally recognized that a vanety of environmental factors may influence 
the process of bactenal dissociation Inasmuch as most of these studies have 
been conducted with media composed of crude natural matenals, it was con- 
sidered advisable to employ media of known chemical constitution in order to 
determine more precisely the nutntional factors capable of implementing this 
vanation phenomenon The inquiry is particularly pertment in view of the 
current tendency to explam dissociative behavior, as well as other categories of 
vanation, on a mutation basis According to Braun (1947), the chief influence 
of environment is to select out the spontaneously occurrmg mutants 
The present paper is the first of a senes deahng with the use of such "synthetic” 
media in studies upon bactenal dissociation The term “synthetic” as used in 
this work designates media m which a hydrolyzate from punfied casern is the 
only substance the chemical constitution of which is not absolutely estabhshed 
This study is concerned with the role of sodium acetate m the mamtenance of 
the mucoid character and virulence of a strain of hemolytic streptococcus 

METHODS 

Culture A culture of hemolytic streptococcus, Lancefield group C, Stoddard 
stram (Mellon and Cooper, 1938), was used throughout the investigation This 
culture IS mucoid in character and has a high virulence for white mice (MLD = 
2 to 6 organisms) As a stock culture, it has been earned m semisohd veal heart 
infusion agar (0 2 per cent) contaimng 5 per cent defibnnated rabbit’s blood 
This medium is adjusted to pH 7 6 The culture has been passed through mice 
at frequent intervals in order to mamtam its virulence 
Determination of virulence Virulence tests were conducted by prepanng 
varymg dilutions of actively growing cultures in veal heart infusion broth and 
mjectmg 0 5-ml quantities intraperitoneally into white mice weighing 20 to 
25 grams Each dilution was a dmini stered to three mice and the animals were ob- 
served for ten days The MLD was taken as the minimum number of orgamsms 
necessary to cause death m two of the three animals m each group 
Special media The three synthetic media employed are shown m table 1 
All expenments were conducted with 5 ml of single strength medium per culture 
tube 

1 We are indebted to Lederle Laboratories, Incorporated, for the sj nthetic folic acid, and 
to Merck and Company for the pjndoval hydrochloride and the pjndoxamine dihjdro- 
chloride 
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TABLE 1 

Comtiluents of media* 


UEonm At 

UEDIUU B 

Constituents 

Concentration} 

Constituents 

Concentration? 

Casein hydrolysate § 

KCi 

NaiHPOi 12H.0 

KHjPOi 

MgSOi THiO 

Glucose 

L-Cystine 

Uracil 

Adenine 

Nicotinic acid 

PjTidovine hj drochloride 
Calcium pantothenate 
Thiamine hydrochloride 
Kiboflamn 

L-Trj ptophan 

CuSO« oH 0 

ZnSOi /H2O 

FeSOi 7H.0 

MnCl. 2H2O 

CaCI- 2H.0 

Biotm 

Adjust to pH 6 o|| and auto- 
claie 

100 ml 

6 g 

2 g 

5 g 

1 g 

66 5 g 

270 mg 

20 mg 

20 mg 

2 mg 

2 mg 

8 mg 

2 mg 

1 mg 

40 mg 

2 mg 

2 mg 

2 mg 

0 8 mg 

20 mg 

0 0004 mg 

Casein hydrolyzate§ 
Sodium acetate 3H 0 
Sodium citrate 2H.0 
Glucose 

KiHPOi 

B:H2P04 

li-Cystine 

n-Asparagine 

Guamne 

Uracil 

Adenine 

Nicotinic acid 

Pyridovine hydrochloride 
Calcium pantothenate 
Thiamine hydrochloride 
Riboflavin 
n-Trj ptophan 

Pjoido-cal hydrochloride j 

Pyridoxamine dihjdrocUo- 
ride 

Xanthine 

p-Aminobenzoic acid 
i-Inositol 

MgSOi 7H 0 

FeSOi TH^O 

MnSOi 2H:0 

NaCI 

CuSOi 5H-.0 

ZnSOi 7H3O 

CaCl. 2H.0 

Folic acid 

Biotin 

Adjust to pH 6 511 and 
autocIa^ e 

100 ml 

40 g 

1 g 

40 g 

1 g 

1 g 

200 mg 

200 mg 

20 mg 

20 mg 

20 mg 

2 mg 

2 mg 

8 mg 

2 mg 

1 mg 

40 mg 

[ 2 mg 

2 mg 

20 mg 

0 1 mg 

1 mg 

400 mg 

20 mg 

12 mg 

20 mg 

2 mg 

2 mg 

20 mg 

0 001 mg 

0 0001 mg 

NaHCO,^ 

L-Glutamine^ 

Thioglj colic acid^ 

4 g 

400 mg 

260 mg 

] 

NaHCOjH 

D-Glutamine^ 

rhioglj colic acid^I ^ 


Final pH 7 5 

Final pH 


* jMedium C was prepared by onutting the following compounds from 
sodium citrate, L-asparagme, guamne, pyndo\al hydrochloride, p3ndo\aminc oi } 
chloride, •xanthine, p-aminobenzoic acid, i-inositol, and folic acid 


t Medium A is essentially that of Bernheimer et al (1942) 
t Concentration per liter of double strength medium 

§ Casein hydroljzate, 10 per cent, “vitamin-free,” acid-hjdroljzed (SMACO) 

II The pH was adjusted with 10 per cent sodium hjdroxide solution 
^ Added aseptically to the autoclaved medium 5^ 

The glutamine solution was sterilized bj filtration through a sintered glass fi ter 
dium bicarbonate and thiogh colic acid were stenlized as described bi Adams an 
(1945) 
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Inoculation proceduies For each expemnent a stock culture of maximum 
virulence was plated on blood agar and incubated 18 to 20 hours at 37 C A 
tube of the synthetic medium (table 1) under investigation was inoculated vuth 
this culture After incubation at 37 C for 18 hours, the cells were separated by 
centnfugation, washed wuth normal saline, and resuspended m 5 ml of sahne 
This suspension (0 1 ml) w'as used to inoculate the ongmal synthetic medium or 
any modification thereof After incubation for 4 to 5 hours at 37 C, the growth 
and pH measurements were made on duphcate cultures The amount of grow4;h 
was determined turbidimetncally with an Evelyn photocolonmeter using a G60 
filter, and by the plate count method The pH measurements w ere made with 
a Beckman pH meter After storage overnight at 5 C, 0 2 ml of the culture were 
used to inoculate a fresh batch of the same medium This procedure was re- 
peated for every daily senal transfer Virulence tests were performed on cul- 
tures from the fimal transfer 

In the early experiments, an 18-hour incubation penod was employed m the 
senal transfers The results obtained with this procedure did not diffei from 
those obtained when the shorter incubation periods were used The latter pro- 
cedure has the advantage of avoiding effects due to the lowered pH and to the 
accumulation of metabolic products found m aging cultures 

EXPERIMENTAL RESULTS 

In the ongmal expenments employmg synthetic medium A (table 1) a decrease 
in mucoid character and mouse virulence was noted after daily, serial transfers 
Since this culture mamtained both of these charactenstics on a veal heart in- 
fusion blood medium, it is apparent that a constituent (or constituents) present 
in the natural medium and missmg from the synthetic medium A was essential 
Expenments to determme the nature of this essential factor (or factors) were 
mitiated 

Our first efforts were directed toward an attempt to prepare a synthetic medium 
that was comparable to the natural medium in its abihty to maintain mucoidness 
and virulence It w'as hoped that a systematic ehmmation of vanous com- 
ponents of such a complete synthetic medium would lead to the identification of 
the essential factor(s) Accordingly, medium A was supplemented with a vanety 
of compounds to yield medium B (table 1) This medium was capable of mam- 
taimng the mucoid character and nnilence on daily, senal transfer A syste- 
matic e limi nation of the vanous components of medium B was undertaken, and it 
was found that the omission of sodium acetate resulted m a medium which per- 
rmtted the mucoid to smooth transformation Sodium acetate was specific in 
this regard It should be noted that the ongmal medium employed (medium A) 
did not contain sodium acetate, thus explaimng its inability to maintain the 
mucoid character 

The omission of the followmg compounds from medium B affected neither 
growiih nor the abibty to mamtain a mucoid state sodium citrate, L-asparagine, 
guamne, pjTidoxal hydrochlonde, pjTidoxamine dihj’’drochlonde, xanthine, 
p-aimnobenzoic acid, i-inositol, and fohc acid To simphfy our procedure. 
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these constituents were omitted from medium B to yield medium C (table 1) 
All of the subsequent results reported m this paper were performed mth medium 
C, or with medium C lacking sodium acetate 
On the third to fourth transfer in the medium lacking acetate, transformation 
from the mucoid into the smooth phase became evident At the si\th transfer 
only the smooth phase was present As the cultural characteristics changed, 
the morphology of the organism also underwent change The ongmal mucoid 
culture composed of encapsulated cocci m very short chains dissociated to a 
long-chained streptococcus vith loss of capsular matenal Identical results 
were obtained m ten experiments No evidence of any change from the mucoid 
phase has been noted after 64 daily, serial transfers in either medium C (contain 
mg acetate) or m veal heart infusion blood broth 
The virulence of the smooth phase for mice was considerably less than that 
of the mucoid phase Thus the MLD of the mucoid phase (groivn in veal heart 
infusion blood broth or m medium C) and the smooth phase (grown in medium 
C minus acetate) was 5 and 5,000 orgamsms, respectively 
The stabihty of the smooth phase was mvestigated When subcultured in 
medium C, no transformation mto the mucoid phase was noted after 14 daily, 
serial transfers The decreased mouse virulence of the smooth phase vas also 
unaffected by this procediue In contrast, when passed senally through mice 
in numbers large enough to cause death, a pure culture of the smooth phase 
gradually reverted to the mucoid phase At the tenth senal transfer, only the 
mucoid phase was evident The virulence of this culture was identical mth that 
of the ongmal mucoid orgamsm 

As detenmned both by the plate count and turbidimetnc measurements, the 
omission of acetate from medium C was without effect upon the extent of growth 
of the mucoid phase dunng the first few senal transfers After continued sub 
cultiue, transformation mto the smooth phase occurred The growth rates of 
this resultmg smooth phase in both acetate-free and acetate-containing media 
were identical and equal to that of the ongmal mucoid culture The 
cultures grown both in the presence and absence of acetate never fell below ( 

To further ehmmate the possibihty that the buffenng action of acetate was 
sigmficant m the maintenance of the mucoid phase, cultures were serially trans 
ferred m media in which the acetate was substituted by phosphate, citrate, an 
bicarbonate buffers The mucoid phase could not be maintained in the pr^ence 
of these buffers, thus demonstrating that the activity of acetate was not ue o 
its buffering capacity 


DISCUSSION 

The application of “synthetic” media to studies upon bactenal dissociation 
possesses a twofold advantage First, the reproducibility of the medium c 
be mamtamed withm rather narrow lumts This is of particular impor 
since there is formidable evidence that vanations m environment can marK 
mfluence the process of bactenal dissociation The extreme consistency o 
results reported here bears witness to the reproducibility of our environm 
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conditions The past experience of this laboratory in studies of this t5T3e has 
been entirely ■mth media composed of crude, natural mateiials and a not in- 
frequent mabdity to reproduce certain results has been noted It is conceivable 
that vaiiations in the composition of the natural materials contamed m these 
media could account for some of these anomalous results 

In the second place, a medium of known chemical constitution is essential in 
studies designed to determine the role of individual nutnlites upon bacterial 
dissociation The flexibility of such media m regard to the ease with which the 
mdividual components may be varied is evident 
The present experiments have demonstrated that the elimmation of sodium 
acetate from a “synthetic” medium determmes the transformation from the 
mucoid to the smooth growth phase It should be noted that as long as the 
mucoid phase is able to grow without acetate, the absence of the latter affects 
neither the growth rate of the organism nor the final pH of the culture medium 
The M to S phase change, therefore, is due primarily to the absence of sodium 
acetate and is not the result of secondary mfluences upon rate of growth or de- 
gree of acidity This pomt requires emphasis smce changes in the pH of the 
medium, and bacteriostatic changes particularly, are well Icnown to affect the 
mcidence of bacterial dissociation The fact that the M phase is replaced by 
the S phase m the absence of acetate is not interpreted as a bacteriostatic or 
bactericidal effect, but rather a change mcident to a nutritional deficiency 
With regard to the mechamsm of action of the sodium acetate, we have adopted 
the tentative view that this compound functions not as a growth factor but as a 
precursor in the biosynthesis of some higher molecular weight compound(s) 
which IS essential — perhaps, as a structural component of the capsular matenal — 
for the mamtenance of the mucoid state Apparently an exogenous source of 
acetate is required for this function In the absence of added acetate, the trans- 
formation to a smooth phase, which is stable even m the presence of acetate, 
occurs 

The alternate view, namely, that acetate is essential for the growth of the mu- 
coid and not the smooth phase, is difficult to substantiate, since transformation 
into the smooth phase occurs following continued subculture in the absence of 
acetate At least for the first few serial transfers mto a medium lacking ace- 
tate (before the M to S change is recognizable) no bacteriostatic effect is noted 
The precise nature of the postulated compound mto which acetate is presumed 
to be converted is unknovm There is ample evidence that acetate may sen^e 
in the biosynthesis of a variety of tissue constituents, such as glycogen, uric acid, 
fatty acids, cholesterol, dicarboxylic ammo acids, and protoporph 3 mn (Bloch, 
1947) Guirard el al (1946) have reported on the probable role of acetate as a 
precursor of various hpoidal materials m bactenal metabolism 
Pielimmary experiments have mdicated that hpids may replace acetate for 
the mamtenance of the mucoid character of our strain of hemolytic strepto- 
coccus 

The relationship between mucoid character and virulence is not clear In the 
group C organism emploj’^ed m this study, maximum virulence is charactenstic 



552 


A P MCILROT, A E AXELROD, AND E R 


JIELLON [-1 OL oG 


only of the mucoid state The conditioning influence of the acetate on the 
mucoid state m these experiments tends to emphasize the likelihood that mucoid 
nature and virulence do not represent linked characters, but rather an association 
of chaiacters It is interestmg to note in this connection that our expenencc 
with certain strams of group A streptococci has indicated that an exogenous 
source of acetate is not necessary for either the growth or the mamtenance of 
mucoid character Although the majonty of group A strams are highly virulent 
in the mucoid phase, it has long been known that exceptions occur In the case 
of group A streptococci, it is well known that virulence is dependent upon the 
presence of the M antigen, and the presence of this antigen gives rise to the so 
called “matt” appearance that is characteristic of the colonies produced hv 
virulent, but nonmucoid, strams of group A streptococci 
The cunent genetic appraisal of this M to S transformation v ould probably say 
that we are dealmg with a very low frequency of mutation rate on the part of 
the mucoid phase, which phase has a suppressive effect on the appearance of the 
resultmg S mutant This suppressive effect would be abrogated by the absence 
of acetate, which w'ould select out the occasional mutant S cell by depriving the 
M cells of a chance to grow 

This mterpretation, however, fads to accord with the results of experiments 
designed to test its validity Thus two smgle S phase cells were maed in ace 
tate-contaming broth contammg 5,000,000 M phase cells After 18 hours’ in 
cubation at 37 C, equal numbers of M and S forms were present 
Furthermore, after 60 senal transfers of the M phase on blood agarhad shown 
no S phase colomes, 12 isolated M colomes from a smgle plate were selected at 
random for test of the frequency of the M to S transformation Tiansfers were 
made from each of six colomes mto its own tube of acetate broth, and six colonies 
were likew ise transferred mto the same S 3 mthetic medium without acetate After 
the fifth senal transfer m the latter medium, all six M phase cultures went over 
to the S phase, with only occasional mucoid colonies appearing At this time 
all SIX i\r phase cultures m acetate broth remamed mucoid, no S colonies appear- 
mg 

In other words, there is not the slightest evidence of a suppressive effect of M 
over S, in fact, the phenomenon of “population dynamics” appears to be in 
reverse As to frequency, the transformation occurred m 100 per cent of the 
colonies tested Thus, it seems permissible to infer that the burden of proo 
m this mstance is shifted to the opponents of the theory of adaptn e modification 
by specific enxuronments 


SUMMARY 

It has been demonstrated that the presence of sodium acetate m a synthetic 
medium is necessarj’' m order to mamtam the mucoid character and viru . 
a strain of group C hemolytic streptococcus upon repeated daily subcunu 
The elimmation of acetate permits the transformation from the xiru en ^ 
cold phase to a relatively avirulent smooth phase The smooth phase oe^ 
revert to the mucoid state in vitro m the presence of acetate, but does comp 



1948] 


SODIUM ACETATE AND HEMOLYTIC STREPTOCOCCUS 


553 


revel t aftei ten passages in mice This phase change has been shown to be due 
primarily to the absence of sodium acetate and is not the result of secondary 
influences upon late of growth or degree of acidity 
All the evidence to date points to the likelihood that the transformation is 
not the result of a spontaneous mutation, but is an adaptive response to the 
absence of a nutrilite so vital to the mucoid phase that this phase may be said 
to have no existence in its absence 
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I Increasing Resistance to Heat op Bacterial Spores by Selection 
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Although many data may be found m the literature concermng the resistance 
of bacterial spores to heat, little work has been published on the specific phase 
of thermal resistance studies pertammg to an increased resistance under certain 
conditions of natural or artificial selection 

Bigelow and Esty (1920), by repeated cultunng of survivors from under- 
sterihzed spore suspensions, were able to inciease the resistance of the spores of 
certam obligate thermophiles from 12 to 23 mmutes at 120 C Magoon (1926) 
reported an mcrease in thermal resistance of the spores of Bacillus mycoides 
from 2 minutes to 44 mmutes at 100 C, and 0 B Williams (1929) observed an 
increase m the resistance of spores of Bacillus sublilis from 38 to 54 mmutes at 
95 C, each after the selection of survivors of heated suspensions 
But other workers have been only partially successful, and many entirely un- 
successful, m selectively mcreasmg bactenal resistance to heat Thus, for ex- 
ample, F T Williams (1936), using smgle cell cultures of Bacillus mycoides, 
Bacillus suUihs, and others, was able to mcrease the resistance of Bacillus my- 
coides only, his results showed an mcrease from 10 to 25 mmutes at 100 C after 
10 selective tiansfers, but he reasoned that the clumpmg tendency of this or- 
ganism may have been a factor in the enhanced resistance Sommer (1930) 
reported that Clostridium holulinum exhibited no tendency to increase m re- 
sistance to heat after careful selection, and Momson and Rettger (1930), working 
with two aerobic, mesophilic, sporeformers from spoiled canned milk, found the 
heat resistance of these organisms unchanged after attempting for 6 months to 
alter their resistance by selection The evidence for an increase in thermal re- 
sistance b3^ selection has been severely criticized by Rahn (1932, 1943, 1945), who 
believes that the last survivors are no more resistant than the average, having 
survived the heating period merely by chance 
It has been the purpose of this investigation to re-examine the question of 
whether the thermal resistance of the spores of bacteria may be increased bj^ the 
selection of surxuvors of exposure to heat for a time sufficient to destro}' almost 
all of the spores present 

EXPERIjrENTAL METHODS AND RESULTS 

Culture used Smgle colony isolations m ere made from platings of Bacillus 
gldhigii,^ a nonspreadmg, aerobic, mesophilic, sporeformmg rod that produces on 

* Bacillus globigii was from the stock culture collection. Department of Bactenologj , 
The Unuersity of Texas This organism is descnbed in the sixth edition of Bcrgcy’s 
Manual of Determinative Bacteriology as identical mth, or a i ariant of. Bacillus sublilts 
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nutnent agar and bram-heart infusion agar media distmctive deep-orange-pie- 
mented colonies at either 37 C or at room tempeiature This organism tos 
chosen because of the ease with which it may be distmguished from contaminants 
as well as for its nonspreading characteristic The single colony isolates xscrc 
mamtamed on nutnent agar slants and used as source cultures when required 

Melhods of preparing spore suspensions For initial thermal resistance tests 
Kolle flasks of nutnent agar (Difco), pH 7 0, were moculated with 1-ml aliquots 
of a suspension of the test organism in stenle water, incubation at 37 C for 5 dajs 
resulted m cultures contammg approxunately 95 per cent spores The gronih 
was harvested from the surface of the medium, washed twice vnth stenle distilled 
water by centnfugation, suspended in sterile m/ 1 5 double sodium phosphate buf* 
fer, pH 7 0, and filtered through double sheets of sterile coarse filtei paper to 
remove clumps of spores The spore suspensions were counted by means of the 
Petroff-Hauser chamber, and these stock suspensions were stored in the refrigera- 
tor for use m later experiments 

Method of heating spore suspensions In the actual determination of the 
thermal death tune of the spores of Bacillus gldbigii, stock spore suspension sam- 
ples were diluted with sterile m/15 double phosphate buffer to give test suspensions 
of 50 milhon spores per ml Two ml of the test suspension employed, a total 
of 100 million spores, were pipetted mto each of several pyrex glass tubes, 9 mm 
m diameter and approximately 12 5 cm m length, w'hich had been cleaned in 
potassium dichromate, sulfunc acid mixture and rinsed in tap water and dis- 
tilled water before being sterilized in the hot air oven The tubed suspensions 
were sealed with an oxygen torch and immersed completely man ater bath held 
constant at 98 5 C (boilmg) , specially designed tube holders prepared from 
heavy wire strands, squares of screen wire, and metal loops made possible the 
immersion of the tubes m groups of five Six of these holders w ere eraplo} cd, 
permittmg a total of 30 tubes to be heated sunultaneously After allotting a 
1-mmute mterval for the diffusion of heat throughout the suspension, groups 
of 5 tubes were withdrawn from the boiling water at the desired time intenals 
and plunged into cold water 

The tips of the sealed tubes were broken aseptically by the use of a bardeiised 
by A C Richardson and described by 0 B Williams (1929), and tlic spore 
suspensions were moculated mto stenle plates, one tube per plate Brain heart 
infusion medium (Difco), pH 7 0, to which had been added 2 per cent agar and 
0 1 per cent soluble starch, was poured over the mocula and allowed to solidih , 
and the plates were meubated at 37 C Plate count results w ere read at inten al= 
up to 10 days In every case at least 5 tubes were prepared for each time mtcr\ iJ 
of heating, and in many cases, m the cntical temperature range, 10 or 15 =pore- 
suspensions were withdrawn at each mtenml The importance of u^ing a senes 
of suspensions has been emphasized most recently by Baker and AIcClung ( A iJl 
m a study of “skips” m thermal death time determmations 

Selection of survivors In an attempt to increase the resistance of the =pore. 
of Bacillus gldbigii to heat, suittuiors of death time determinations i ere cho-^n, 
when possible, from plates beanng from 30 to 100 colonies each, no att--mnt i .- 



TABLE 1 

Thermal death time determinations on spores of Bacillus glohign 
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Figures represent the average number of colomes per plate from 5 or more plates at each 
time interval 

TMC = too many colonies to count 

* Representatives from these colonies were picked as inoculum for another spore harvest 
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made to select the very last survivor of a test run The colonies were picked mtb 

a loop needle to prepare a suspension of survivors in stenle water, and this su- 
spension was used to inoculate KoUe flasks of nutnent agar medium for another 
spore crop, these spores were harvested, washed, filtered, heated, and plated, and 
the survivors were again picked for a continuation of the selection process 
The results of end pomt detenmnations are presented in table 1 
DeterminaUon of thermal death time by destruction curve When it became 
apparent from inspection of the results of death time determinations that a 
marked mcrease m resistance to heat had occurred m the spores of Bacillus 
glohigii, it appeared desirable to confirm these results by plottmg destruction 
curves based on the number of spores surviving per unit of time of heating at 
98 5 C It was reasoned that the mcrease m resistance would manifest itself 
m the slope of the curves Toward this end three stock spore suspensions were 
chosen, one of which had given an average of 11 colonies per plate at 8 minutes 
of heatmg, the second an average of 22 colonies per plate at 12 mmutes, and the 
third 22 colomes per plate at 16 minutes The heatmg techmque described 
earher was employed, except that only 1 ml of spore suspension, 50 r^hon spores, 
was heated m each tube, the 1-ml suspensions were poured into stenle vater 
blanks and senal dilutions were plated 
The curves resultmg from plottmg the logarithms of the number of survivors 
agamst time, presented m figure 1, show a distmct difference m destruction rate 
between the low-resistant and the high-resistant spores 

DISCUSSION 

Many workers, mcludmg Bigelow and Esty (1920) and Sommer (1930), have 
observed that the bactenal cells m a given culture vary markedly m resistance 
to heat, Baker and McCIung (1939) found that different suspensions of the same 
organism, heated at the same temperature, exhibit differences m the rate of 
death as judged by death time curves, and Khaysi (1948) has stated that the 
resistance of spores m a given bactenal species is not a fixed value Confirmation 
of this evidence of a gradation of resistance within a spore population has been 
given by Yesair and Cameron (1936), who, by centnfugmg spore suspensions 
and withdrawmg samples at mtervals for heat resistance tests, were able to 
correlate length of tune of centrifugation with resistance to heat From these 
expenments they concluded that perhaps either the specific gravitj or the size 
of the spores could be correlated with thermal resistance 

These observations by other workers and the expenmental results reported 
here mdicate that there exists a graded resistance to heat among the spores of » 
population By the selection of survivors of heated spore suspensions bot/i a 
qualitative and a quantitative mcrease m resistance has been effected, as is 
evidenced by end pomt determinations (table 1), and by destruction curves 

(figure 1) 

SUMMART 

Heat resistance studies on the spores of Bacillus glohtgtt have been 
The spores of this organism, denved from single colonj isolates, cxhihiic 
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increase in resistance to heat, as judged by thermal death tune detenmnations 
and by destruction curves when survivom of heated suspensions were selected 
for further heating tests 
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STUDIES ON HEAT RESISTANCE 

II CoirpARisoN OF Resistance to Heat with Resistance to Disinfectants^ 
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The literature pertaining to studies on the thermal resistance of bacterial spores 
reveals few successful attempts to mcrease the resistance of these forms by se- 
lective cultivation of survivors of heated spore suspensions Among the workers 
presenting evidence for such an increase are Bigelow and Esty (1920), Magoon 
(1926), 0 B Williams (1929), F T Williams (1936), and Davis and Williams 
(1948) 

The authors are unaware of any published data concermng a correlation of the 
mcreased thermal resistance of bactenal spores with increased resistance to chemi- 
cal agents From this standpomt it appeared desirable to ascertain whether 
the spores of a culture whose resistance to heat had been enhanced by repeated 
subcultunng of survivors would exhibit a greater resistance to certain commonly 
employed bactenostatic and bactencidal agents than do the spores of the parent 
culture from which these resistant forms were derived Comparative studies are 
presented on the bacteriostatic action of mercunc chloride, gentian violet, and 
streptomycm, and the sponcidal action of phenol and iodine for a stock stram of 
Bacillus globign and a heat-resistant vanant developed from it 

EXPERIMENTAL JtBTHODS AND RESULTS 

Bacterial cultures Two stock spore suspensions of Bacillus globigii denved 
ongmally from a smgle colony isolate were employed throughout this mvestiga- 
tion The spores of the mother culture were found by thermal death time de- 
termmations and heat destruction curves to survive 8 mmutes’ exposure at 98 5 
C, whereas the spores of the heat-resistant strain denved from the mother culture 
(Davis and Williams, 1948) survived for 12 mmutes Heat destruction curves 
for the two spore suspensions are presented m figure 1 

Comparative resistance to the bacteriostatic agents, mercunc chloride, gentian 
violet, and streptomycin One-ml aliquots of each stock spore suspension con- 
taimng 50 million spores per ml were plated m parallel over a wide dilution range 
m nutnent agar (Difco), pH 7 0, to which had been added appropnate con- 
centrations of one of the following agents, mercuric chlonde (Merck), gentian 
violet (National Anili ne and Chemical Co ), and streptomycin sulfate (Abbott) 
The poured plates were incubated for 3 days at 37 C, and the plate counts showed 

• This paper reports research undertaken in co-operation mth the Quartermaster Food 
and Container Institute for the Armed Forces, and has been assigned number 207 in the 
series of papers approved for publication The views or conclusions contained in this 
report are those of the authors Thej are not to be construed as necessanly reflecting the 
views or having the endorsement of the Department of the Army 
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the number of mchvrduals m the too populations resistant to the baelenoslitir 
action of the intab.tmg agents The plots of the survuror curves «d ,n 
figures 2 3, and 4 show that the heat-resistant spores do not differ from the 
parent culture in resistance to 3 types of bactenostatic agents 
ComparaUve resistance to the sporicidal action of phenol and iodine Fiasks 



containing 1 liter of a 5 per cent solution of phenol (Merck) in sfcnlc water «ere 
inoculated in parallel mth samples of the two stock spore suspensions oi Bacillw’ 
gldtngii to give a spore concentration of 200,000 per ml The flasLs vero m 
cubated at room temperature, at approximatelj' 24-hour intervals 10 ml ali- 
quots were withdrawn and pipetted to sterile 90-inl water blanks containing I 
gram of activated charcoal (nonte) to stop the action of the phenol, appropna*'' 
dilutions were plated with nutnent agar (Difco), pH 7 0, to which had bc-fn 
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added 0 1 per cent norite The importance of usmg an antidote m disinfection 
studies on phenol has been discussed by Flett, Harmg, Guiteras, and Shapiro 
(1945) Plate count results were read after 3 days’ mcubation at 37 C, and sur- 
vivor curves were plotted (figure 5) It is evident that the stram of enhanced 
heat resistance is also more resistant to phenol 



ppa oentlan violet 

Figure 2 Survivor curves on Bacillus globtgii (gentian violet) 

Employmg a modification of the method of Wyss and Strandskov (1945), a 2 
per cent alcohohc solution of resublimed lodme (Baker) was added to flasks of 
stenle m/10 phosphate buffer, pH 7 0, to give an lodme concentration of 200 ppm 
At zero tune the two spore suspensions were added to parallel flasks to give a 
concentration of 200,000 spores per ml At measured time mten'^als, samples 
were withdrawn and pipetted immediately to stenle tubes contaimng a drop of a 
boiled, 10 per cent solution of sodium sulfite to mactivate the lodme Appro- 
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pmte dilutions of this neutralized suspension were plated in nutnentagar(Djfco), 
pH 7 0 Plates were incubated at 37 C and read after 3 days The resulting 
survivor curves presented in figure 6 show that the heat-resistant spores ncre 
also resistant to iodine 


DISCUSSION 

Studies on the mechanism of action of the inhibition displayed by the bac- 
teriostatic and bactericidal agents employed m these experiments have been 
discussed by Rahn (1945), liIcCulloch (1936), Wyss (1948), and Waksman (1947) 

It appears from the mspeetion of survivor curves that germination and colony 
development from the spores of the two suspensions are approximately equal in 
the presence of three bactenostatic agents whose modes of action arc ividely 
different This suggests that the mechanism of heat resistance of the spore may 
not be reflected m observable changes m the vegetative cell and correlates intli 
the observation that the vegetative cells of the heat-resistant subculture are no 
more beat resistant than the vegetative cells of the parent strain (unpublished 
results, Davis and Williams) Furthermore the two spore suspensions differ 
markedly m resistance to the killmg action of phenol and lodme The exact 
mode of action on the bactenal cell of these two agents has not been determined, 
although concepts of their disinfectant action have been reviewed by Wyss 
(1948) Further mvestigation of the correlation of thermal resistance and re- 
sistance to chemical agents may well give an insight into the basis of heat rc 
sistance m spores and permit us to discard at least some of the explanatory 
theones that have been advanced 


SUMMARY 

The spores of a culture of Bacillus globign and of a heat-resistant variant 
derived from it have been tested for resistance to bacteriostatic and bactericidal 
chemical agents 

Both cultures exhibited approximately equal susceptibility to the bacterio- 
static action of gentian violet, mercuric chlonde, and streptomycin 

The spores of greater resistance to heat appeared to possess enhanced re- 
sistance to the killing action of lodme and phenol 
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In the eaily application of the election microscope to the exammation of bac- 
teiia, the method of piepaiation involved the pieparation of a distilled vater 
suspension of the oiganisms and the evaporation of a drop of the suspension on a 
suitable supportmg membiane Although it was recognized that such treatment 
probably gave rise to consideiable artifacts, this proceduie nevertheless v as used 
m most of the published work (Mudd and Anderson, 1944) Recently some of 
the aitifacts introduced by this method of preparation have been investigated 
and a new method has been suggested (Hilliei and Baker, 1946, Edivards and 
Wyckoff, 1947) This method involves the intact removal of the surface layer 
of organisms from a culture of a solid medium by means of a thin plastic mem- 
brane formed in place on the culture by the evaporation of a suitable solution 
Further v ork on this technique has shmra that although it is ideal for the ex- 
amination of very jmung cultures of certain stiams of organisms, it has numerous 
senous limitations that mil prevent it from being generally useful Foi in- 
stance, even for those types of organisms for vhich it can be used, it is not suc- 
cessful if the growing conditions are not “quite right ” More serious, hovever, 
IS that the physical organization of the culture is mamtamed only in the out- 
ermost suiface of the giowth Thus, unless the preparations use single-layer 
giowths of strong cells, the resulting specimen is confused by material pulled 
from inner layeis m disorganized masses This last difficulty was paiticularly 
troublesome in lecent attempts by one of us to follow, by this technique, the 
infection of Escherichia call by T 2 bacteriophage 

As a result of these difficulties a new technique has been developed that appears 
to have many advantages Basically, it involves gromng the organisms di- 
rectly on the thm supportmg membrane of the electron microscope specimen 
mount in such a way that any directcontact with the organism is avoidedthrough- 
out the procedure The only disturbance of the organisms that can mtroduce 
artifacts is a final desiccation For organisms grown on ordmary media, such 
artifacts have not been obserred At the time of wntmg, this technique has 
proved uniformly successful in the preparation of specimens of Bacillus mycoides, 
Bacillus megatherium, and Escherichia call grown under a number of different 
conditions and subsequently treated in several different ways It wnuld appear 
in principle at least that the technique should be successful for all organisms that 
produce surface colomes 

‘ Now at the School of Medicine, The Umversit\ of Southern California, Los Angeles, 
California 
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TECHNIQXJE FOE SOLID MEDIA 

Figure 1 consists of a senes of dranmgs sho-ning diagiammaticalJ} the ^ viaus 
steps in the nen technique nhen it is used foi a solid medium Tliinh poured 
agar plates i\ere used m this noiJc In the hist opeiation (a) the agni phio i- 
flooded nith stenle distilled nater from a pipette -rtith a fast delnen rate or, 
preferably, fiom a flask or a bottle As soon as the entire suiface of the phte 
IS coveied, a drop of collodion solution (0 5 to 1 0 per cent in amjd acetate) is 
dropped on the surface and allowed to spiead (b) It is necessarj’^ to flood tlie 
surface and form the collodion membrane as lapidly as possible in oidcr to mini 



Figure 1 Explanation in text 


mize the tune allotted for the agar raatenal to go into solution Too murh agar 
matenal in the ttater ttill prexent the collodion solution from ‘■pretding ‘•ii 
hciently and ttoll result in a thick membrane = -Vfter the film i« spre id, Mitlii ant 
ventilation of the surface is allotted to permit the sohont to tt iporiU " 
traces of the sohent must be left as thej tend to inhibit grottth di' 

soltent IS completeh gone, the ttater is pipetterl from under tlie nurnbruK 
allotting it to settle m dose contact ttith the agar (c) In (he last igr-. o t n- 
operation, the plate is tilted in order to allott the ttater to driin r mnpli l< It fro u 
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bet^\eer^ the membiane and the agar At this point, the membrane should be 
checked foi thickness b} obsening the leflection from it of light from a bnght 
extended source A siifBcientlj thin membrane should be completelj^ mvisible 
except for a thickening at its edges A membrane that shows a definite sheen 
MulI be too thick 

Sufiicientlj thm portions of the membrane aie moculated with clean distilled 
ater oi saline suspensions of the selected organism, a small drop bemg placed on 
the membrane fiom a capfilar}’’ pipette and immediatel 3 ’' mthdra^'n (d) K the 
membrane is ^\et bj the suspension, this procedure Bill leaie a small disk of 
liquid — a portion of a millimeter thick and 1 to 2 millimeters m diameter A 
direct correlation has been obsen ed betueen wettmg of the membrane and abil- 
itj’’ of the organisms to groB In later b ork, it b as found that suspensions that 
do not Bet the collodion membiane maj' be made to do so by reducing their 
surface tension BUth as little as 0 05 pei cent of trj'ptone The ti^-ptone added 
does not seem to produce an undesirable effect on the cleanlmess of the back- 
ground and IS probablj’^ remo^ed bj’' dialysis m a later step Bhen the film is 
floated The pieparation is then incubated (e), the co\ei maj' be left partl 3 
open so that the remammg moisture of the moculum can dr 3 ’ rapidly if it is 
deemed desirable to prevent the giOBung cells from monng 
The condition of the moculum and the groB-th of the organisms can be followed 
b 3 ’’ examination Bith a light microscope, usmg a high-powered dr 3 ' objective (f) 
It is desiiable that the objective be Banned by keepmg it m the mcubator if 
condensation on the first surface is to be avoided 
Since by this technique all neB cells and all other products of the groBth are 
retamed on the specimen, the penod of incubation for normal cells is v er 3 ' short — 
usuall3^ betBeen 1 and 3 hours In fact, once established, the groBih rapidl 3 
becomes too thick for electron microscope exammation 

I^Tien the groBiih has reached a desired stage, as determmed b3' light micro- 
scope obsen ation, a selected area of the agar and membrane is cut out (g) In 
this operation it is desirable to cut the membrane b 3 ' a sharp scalpel pushmg 
perpendicularly into the agar some distance (8 to 10 mm) from the area selected 
for exammation The slab of agar bearmg the membrane on its upper side is 
then lifted from the petn dish and slid under a clean surface of distilled b ater 
(h) The section of membrane floats easil 3 on the surface of the water, beanng 
the groBi:h on its upper side The membrane is then picked up on a sufficientl 3 ' 
large, carefull 3 ^ cleaned piece of 200-mesh screen, b hich is held m fine forceps and 
raised through the Bater surface under the floatmg membrane (i) The screen 
IS held at a slight angle to the surface so that the membrane is kept smooth and 
taut b 3 - that part of it that remams floatmg As soon as the membrane i= lifted 
on the screen, the Bater lemammg in the openings is absorbed b3 a hard filter 
paper so that the preparation dnes v erj rapidh’’ 

Since the growth is on the side of the membrane not m contact with the screen, 
it can be shadoB -cast or treated m other Ba3 s with little difficult3 

In this form the specimen can be exammed com ementh' under a light micro- 
scope and suitable mdmdual cells or colonies selected for exammation in the 
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Figine 6 Bacillus megatherium grown on thin colloidion floating on broth (5 hours at 
36 C) Magnification 13,000 X 

Figure 7 Enlargement of another field of same specimen shomng the preservation of 
delicate structures at the point of division Magnification 40,000 X 


Figures 2 to 5 are electron micrographs of a small single colon}'^ of E coli and 
single cells of B mycoides grown by this techmque In all such preparations the 
specimens have been smgulaily free of extraneous matenal and desiccation arti- 
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facts Even the usual shnnkage of the protoplasm from the cell v all scorns to he 
mmimized Of gieatei impoitance, howevei, is the lack of distiubnnce of scim 
tive structures such as flagella or the foims found at the point of cln ision of tlic 
cells (figure 7) 


TECHNIQUE FOB LIQUID MEDIA 

For hquid nutrient media, the technique (with some obvious modifications'! 
can also be used for aerobic bacteiia In this case the membrane is foimed on 
stenle distilled rvatei m a petn dish After evaporation of the sol; enl, tlic « itcr 
IS pipetted off and replaced by the liquid medium In this piocess, the nicm 
brane is deposited on the bottom of the dish and then lefloated vlien the!i<iiii(! 
medium is mtioduced Smee steiile handling is essential and since laigc fjinn 
titles of the medium are not needed for the small numbeis of oigamsnis gioiMi 
by this technique, it is desirable to use petn dishes filled to a depth of 4 to 3 milh 
meters The moculation of the membrane, the incubation, and final niounOng 
are similai to the piecedmg method nith the exception that the mcduini i' 
replaced b}' tv o changes of vatei before picking up the membiane on the scuen 
Figures 6 and 7 are election microgiaphs of germinating cells of B mcf/n Iirnnm 
groiim bj^ this technique 

DISCUSSION AND CONCLUSIONS 

The technique desenbed in the foregomg has achieved foi thice oiganisnu '■onic 
definite advantages over the eailiei techniques used foi the pieparition of 
bacteiia for the election microscope In this method the organisms arc gnoii i 
minimum of undesirable tieatment Although they aie gioini nitli a thin (100 
to 200 A) membiane separating them from the nutrient medium, no hnmhil 
effects can be detected either from light microscope obseivation of tlie gi owing 
colonies oi from the election microscope lesults During the lemaindti of th> 
piocedure, the organisms are gnen no unusual phjsicai oi chcmic il tic.itimiil 
with the possible exception of the short interval when the membiane u in i<in 
tact Mith V atei Ei en in this case the orgamsras are separated from the n it' r 
by the membrane, and hence anj interaction n ill be the lesuit of diffii'-ion— i 
lelatixelj slow piocess In no part of the procedure are the new trlh Mifij'*' I" 
to the effects of mLxmg m w atei Ttlien the organisms aie grown und'r tin m ir 

diq conditions desciibed, the surface film of liquid that sunoiindi them r i u n 
w here nearly paiallel to the contour of the grow th •^o th it surf ic c t( nstoii ( IT" t 
are minimized Howexer, if more moistuic is present i dioplet mix fonn 
the moculated area If this is the case — it can be identified b\ liglit mu ro ' op'^ 

examination— there max be a rearrangement tmued bx -urfaK tiii-ion j nrin. 
diwing Tins last case is to be axoided, of cour-e, if the exut pIi\-K d nl ui"'/ 
ships in the growTh aie to be presen cd 

Although the technique Ins been tned foi onlx time -peiu- of '-rguii m 
tho=e attempts baxc been unifomih Miece^-fiil Ihcrc -ffm' to la H" i"” 
mental reason whx it should not le ccpnllx Miicc-fiil for i linn mu" 
other species 
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Figure 8 E colt strain B groiin on thin collodion backed bi nutnent agar, inoculated 
after Ij hours at 37 C \nth T bacteriophage, and then incubated 20 hours at 37 C Large 
numbers of bacteriophage particles, various tjpes of cell debris, and a feiv unhsed cells 
are all retained near their original positions Slagnification 12,000 X 

Since in this technique the phj^sical relationships betu een the organisms are 
pieseived, it is particularl3'- useful for studj’-mg the morphological changes that 
occur as the oiganisms multiplj' The method should also be useful for studj’'mg 
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the effects on bactena of vanous chemical agents The procedure in tins ( ise 
would be to float the film on a solution of the agent before talung it up on the sup 
portmg screen Only the reagent absorbed bj'’ the membrane and the organism^: 
would remam m the specimen 

An application of the technique that is bemg found particularly useful in tins 
laboratory is the study of the action of bactenophage The host organisms are 
grown to any desired stage, moculated with a bacteriophage suspension intb 
only shght, if any, disturbance, and then exammed at any subsequent time 
Smee all the orgamc products of l 3 ’’sis are retained, such micrographs arc vcr\ 
nfonnative (figure 8) 


ACKA-OnUiEDGMEX T 

Figures 2 and 8 were obtamed durmg a subsequent research b}’^ one of us in 
collaboration with Drs Stuart Mudd and A G Smith of the Unnersiti of 
Penns 3 dvama, and it is with their kmd permission that tlie 3 ’’ are reproduced here 

smniARi 

Escherichia coli, Bacillus mycoides, and Bacillus mcgalhaenum haic been 
grown successfully on the exposed surface of a thm collodion membrane deposited 
on a nutnent agar surface B megatherium has been grown on the expo'cd 
surface of a membrane floatmg on a synthetic liquid medium Such prepantions 
can be transferred to the electron microscope specimen screen inthout disturli 
mg the cells m any n ay Electron micrographs of specimens prepared in this 
way show httle, if any, eindence of artifacts 
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Extensive work has been done in establishing the optimum conditions for 
citnc acid production by fermentation vnih. Aspergillus species (Loesecke, 1945, 
Karow and Waksman, 1947, Perlman, 1943, Perquin, 1938), and on the use of 
crude carbohydrate, such as molasses, as raw material (Karow and Waksman, 
1947, Gerhardt, Dorrell, and Baldwm, 1947, Perlman, Kita, and Peterson, 1946, 
Walter, 1947) There aie still a number of differences m opmion concemmg the 
essential factors affectmg the production of citric acid 

The medium used m the present investigation was prepared ivith commercial 
glucose, purified by an aluminum hydroxide coprecipitation method Syste- 
matic variation of the concentrations of the morganic constituents of this me- 
dium gave results indicative of the nature of the relations between certain of the 
constituents and the accumulation of citric acid m the culture 

EXPERIMENTAL OATA 

All experiments were run m shake flasks The mcubation temperature was 
25 C Experimental conditions and methods of analysis were the same as de- 
scribed in previous papers (Shu and Johnson, 1947, 1948) Aspergillus niger 
72-4 (Shu and Johnson, 1947) was employed m all experiments unless otherwise 
stated The composition of the basal medium is given in table 1 

Purification of commercial glucose In a preliminary experiment it was found 
that the fermentation of a basal medium prepared from untreated commercial 
glucose (“cerelose”) gave little citric acid (11 per cent of available sugar), how- 
ever, optimum grovdih was obtamed m this fermentation (1 3 g per 100 ml of 
medium as compared with 1 7 g per 100 ml m the sucrose control medium) 
With the addition of iron ions at a level of 1 3 mg per liter of basal medium, un- 
treated commercial glucose gave abundant growth (2 3 g per 100 ml) but pro- 
duced little acid In this case the poor yield was probably due to the morganic 
impunties present m the commercial glucose Addition of most of the knoim 
growth factors to the fermentation medium has been shown to have little effect 
on the yield of citric acid (Perlman, 1943) Further, the presence of certam 
trace metals in the medium has been found to be unfavorable to the production 
of citnc acid (Shu and Johnson, 1947, Perlman, Dorrell, and Johnson, 1946, 
Bortels, 1927) It seemed advisable to adjust the trace metal content of the 

' Published with the approval of the Director of the Wisconsin Agricultural Experiment 
Station Supported in part by a grant in aid from the Sugar Research Foundation, Inc , 
New York City 
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medium by the removal of impurities, followed by the addition of the essential 
elements m the proper proportions 

An aluminum hydroxide coprecipitation method was employed for glucose 
puri 6 cation To a solution containing 140 g glucose (reducing sugar), 

1 25 g of Al 2 (SOi )3 I 8 H 2 O were added The pH of the solution was adjusted to 
9 with dilute ammonium hydroxide and the resultmg precipitate filtered off 
To the filtrate another 1 25-g portion of Al 2 (S 04)3 I 8 H 2 O was added, the pH 
adjusted to 7, and the precipitate again filtered off Analysis of the ash of the 
Itrate showed less than 50 ng iron, 10 fig copper, 10 fig zinc, and 1 fig manganese 
10 ns per 140 g glucose A basal medium was prepared from this purified glucose 
solution Sufficient NH 4 NO 3 was added to bnng the total N content to 0 87 
g per liter Little gron th and poor acid yield were obtained by fermenting such 
a medium even with the addition of 0 3 mg iron per liter 


TABLE 1 


Composition of basal medium 


CONSTITOEKTS 

0 PEK tlTER 

Glucose 

140 

KHsPO^ 

2 5 

Nitrogen 

' 0 87* 

MgSO* 7H 0 

0 25 

HCl 

To pH 3 8 


* Present as NHiNOj and (NH 4 )jS 04 See text 


The minimum amount of Al 2 (S 04)3 I 8 H 2 O necessaiy in the purification method 
may be conveniently estimated by a fermentation test The test involves the 
determination of growth and titratable acidity after 7 days' fermentation with 
A mger on the basal medium prepared from glucose treated with various levels 
of Al 2 (S 04)3 I 8 H 2 O A typical example is shown in figure 1 The aluminum 
sulfate level at which only poor growth and low titratable acid are obtainable 
(1 8 g m figure 1) may be considered as the quantity of Al 2 (S 04)3 I 8 H 2 O needed 
for sufficient purification 

Essential nature of zinc It is well known that zinc and iron ions are stunula 
tory to the growth of A mger (Steinberg, 1919) Iron was found to be necessary 
for maximum citric acid production, its optimum level varying with the strain 
of the organism (Perlman, Dorrell, and Johnson, 1946) Regardmg t e re 
quirement of zinc ion for citric acid production m surface culture, there are 
contradictory papers Perlman, Dorrell, and Johnson (1946) found that 
addition of zmc to a highly purified sucrose medium caused a reduction m citn 
acid yield, Chrzaszcz and Peyros (1935) found no stimulation of acid 
when zmc ion was added to the fermentation medium, and Curne 
lieved that zmc was not essential On the other hand, Bemhauer (19 h 
hard (1929), Butkewitsch (1923), Porges (1932), Peiqum (1938), and Bui- 
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kewTtscb and Timofeeu^a (1935) considered that the addition of zinc salts to the 
fermentation medium as stimulatory to citric acid production 

Zmc u as found to be essential for citric acid production in the present investiga- 
tion Data on the effect of zinc concentration are presented elsewhere m this 

CITRIC ACID YIELD MYCELIAL WEIGHT 

G PERIOD G ADDED SUGAR G PER 100 ML 



Figure 1 Mimmum concentration of aluminum sulfate for cerelose punficatjon Added 
aluminum sulfate is expressed as grams of Al2(S0<)j ISHiO per liter of 14 per cent cerelose 
Yields are for 7 days’ fermentation 


TABLE 2 

Zinc requirements of various Aspergillus niger cultures 


CU'LTUKC KUUBEK 

arsic ACID YIELD ON ADDED SDCAE 

mCIXIAI. WMCBT PER 100 m. 

With added* zinc ions 

1 

W'lthout added zmc ions 

With added zmc ions 

W^ithout added zinc ions 


1 

per cent i 

1 

Per cent 

g 

g 

59 

1 Trace 

Trace 

0 3 

0 1 

62 

18t 

6t 

1 0 1 

0 3 

67 

47 

9 

1 2 1 

0 4 

68 

49 

Trace 

1 5 

0 2 

69 

18t 

9t 

0 8 

0 3 

70 

36 

9 

1 5 

0 6 

71 

40 

12t 

1 2 

0 4 

72 

51 

9t 

1 3 

0 3 

72-4 

52 

4t 

1 2 

0 3 

73 

26 j 

4t 

1 2 

0 4 


* Zinc ions, 0 18 mg per liter, were added to the medium 
t Titratable acid calculated as anhydrous citric acid 


paper In order to determine whether this requirement for zmc w as shared by 
other citnc-acid-producmg A niger cultures, 10 strams, obtained from the col- 
lection of the Department of Agncultural Bacteriology, were tested for citric 
acid production, m submerged culture, with and without zmc ions The results, 
summarized m table 2, support the conclusion that under the conditions of the 
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experiment, zmc is required for both growth and acid production by all of the 
cultures 

Citric acid is not a normal end product of glucose oxidation by A mger There 
are strong indications that only in deficient media does citnc acid accumulate 
An obvious hypothesis is that citric acid accumulates only when certam com- 
ponents of the mold’s respiratoiy enzyme system are present or absent in in- 
sufficient amounts Thus, a medium deficient m the inorganic constituents 
required for the synthesis or functioning of certain enzymes involved in the nor- 
mal metabolic pathway (or enzymes mvolved m citric acid oxidation) might 
stimulate the accumulation of citric acid 
Smce earlier work (Shu and Johnson, 1948) had shown that the concentrations 
of some of the constituents of the medium were critical for citnc acid production, 
a systematic mvestigation of all known essential constituents seemed desirable 
After preliminary experiments to establish the proper levels of various constit- 


TABLE 3 


Composition of the complete medium 


CO VSTITDENT 


Glucose 

140 

KH.PO< 

2 5 

Nitrogen 

1 06^ 

MgSO< 7H 0 

0 5 

Fc+++ 

0 01 


0 0025 

HCI 

To pH 3 8 


PrtiPDt as XPBNOj and (NfI()-SO< See text 


uents, the medium of table 3 was adopted as contaming all essential components 
in excess This medium gave good growth but very poor citnc acid production 
The concentrations of each of the constituents of this medium were vaned in 
turn, the concentrations of the mvanant constituents bemg held at the levels of 
table 3 All fermentations were incubated 9 days When ammomum mtrate 
was varied, KOH was substituted for NH^OH m the glucose purification pro 
cedure When KH 2 PO 4 was vaned, KCl was added to hold the potassium con- 
tent of the medium constant In the experiment m which iron was vane , zmc 
was held at 1 2 mg per liter The results obtamed are summarized m figure 2 
It will be seen that two of the constituents, ammomum mtrate and magnesium 
sulfate (figure 2A, B) had no specific eflfect on citnc acid production Increasmg 
concentrations of these components caused only a gradual mcrease in myce a 
weight and m the rate of sugar utilization No large accumulation of citnc aci 
occurred In the case of the other three components, zmc ((7), iron ^ 

plioapliatc (ZT), auul/liei Oj-pe of behavioi was Obaervod At concentrations Ol tH 
component below those necessaiy for optimal growth, citnc acid accumulation 
was observed At still lower concentrations, growth and sugar utilization were 



1948] 


MEDIUM CONSTITUENTS IN CITRIC ACID PRODUCTION 


581 


too pool to make citric acid accumulation possible It is apparent that ivhen 
any one of these components is present m amounts limitmg growth, citric acid 





CITRIC ACID YIELD 



accumulates, perhaps because of the disturbed functioning of the normal re 
spiratory system 

The yields of citric acid obtamable mcrease if two of these components (iron 
and zinc) are both present in limiting concentrations As may be seen (figure 
2F), however, the amount of iron givmg optimal citric acid yields depends on the 
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zmc content of the medium The experiment of figme 2F, vas performed h 
supplementmg the medium of table 1 uith various amounts of iron and zmc 
Fermentations with preformed mycelium Perqum (1938), Szucs (1944), and 
Karow and Waksman (1947) considered a Imv phosphate concentration to be 
essential for maximum citric acid production m submerged culture These 
workers all used preformed mycelium m their fermentations Shu and Johnson 
(1948), usmg a combmed fermentation and growth medium, found that high 
phosphate concentrations (up to 5 g per liter of KH2PO4) favored high yields 
A possible explanation for the discrepancy might he m the metal content of the 
media used Smce Shu and Johnson used a medium m which iron and zmc 
were Iimitmg, high phosphate concentrations were conducive to high yields 
Smce previous w'orkers did not use purified constituents and did not detennme 
the total amounts of iron and zmc m their media, it appears possible that neither 
iron, zmc, nitrogen, nor magnesium sulfate Mas present m hmitmg concentration 
in their media Their fermentations nould then be similar to those of figure 
2E, in which these constituents -were present m excess, and m which good yields 
could be obtamed only'’ m the presence of low phosphate concentrations 
In order to mvestigate this pomt, experiments were earned out in which pre- 
formed mycelium ivas used As m the experiments of the workers referred to 
above, oxygen rather than air was used as the gas phase m the fermentation 
flasks The experimental procedure was the foUon mg The mold mycelium was 
prepared on 800 ml of Szucs (1944) growth medium contammg 0 24 mg zmc and 
1 0 mg iron ions per liter The grow-th of the mold w as earned out on a rotary 
shaker (320 rpm), m the same way as for the regular fermentation (Shu and 
Johnson, 1948) After 3 days’ growth, the mycelium was collected and washed 
5 times ’With 200-ml portions of sterile distilled water The washed mycelium 
was then resuspended m 800 ml Szucs (1944) fermentation medium prepared 
from punfied cerelose The suspension thus prepared contamed about 0 2 g 
of mycelium per 100 ml In 50-mI portions this suspension w as transferred to 
previously sterilized SOO-ml Erlenmeyer flasks contammg various amounts of 
KH2PO4, zmc, and iron The fermentations were earned out m an oxygen 
atmosphere, on a reciprocatmg shaker The shaker was run at 94 strokes per 
mmute ■with a stroke length of 4 mches The oxygen atmo^here ■was obtaine 
by passmg o'xygen (1 5 liters per hour), sterilized by'’ passage through a cotton 
filter, through the flaslcs, connected m senes 

After 7 days’ fermentation, citnc acid and mycehum weight were deteimme 
on duplicate flasks The expenmental results summarized m table 4 mdicate 
that the presence of the phosphate m the medium was desuable for citnc aci 
production, and that simultaneous presence of the phosphate and zmc ions m e 
medium was even more advantageous 

As may be seen from the data m table 5, when the preformed myce lum 
washed only once with 200 ml distilled water, a considerable amount of tte aci 
(50 per cent) was obtamed without the addition of phosphate to 
Furthermore, m the presence of high concentrations of iron 10ns (10 mg p 
liter) or iron (10 mg per liter) and zmc (2 4 mg per liter) ions together, tne 
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phosphate medium yielded a largei amount of citiic acid than the phosphate-nch 
medium The maximum citiic acid yield (66 per cent) ivas agam obtamed from 
the medium containmg high concentrations of phosphate and zmc ions The 
data obtamed thus mdicate that low phosphate concentrations are essential for 
good yields only when iron and zmc are present m excess In these experiments, 
as m the experiments of figure 2, optimal jnelds ere obtamed when iron, rather 
than phosphate, was made limitmg 


TABLE 4 

Ctlnc acid yield in washed mycelium fermentation 


sxpuicr.irKKt itEDruu plxjs 

amc ACID Yim) 

OK ADDED SVGAS. 

IKCKEASE or UYCELIAL 
WEIGHT IN 7 days’ 
rElitENTATION* 

KHsPOi 

Zloc ions 

Iron lo&s 

S/L 

fl/L 

1 

mf/L 

per ctnt 

ff/JOO ml 

0 

0 

0 

29 

0 5 

0 

0 

10 

27 

1 1 

0 

2 4 

0 

30 

0 8 

2 5 

2 4 

0 

60 

1 6 

2 5 

0 

0 

40 

1 2 


* The initial mycelium weight was 0 2 g per liter medium 


TABLE 5 

Citric acid yield with poorly washed mycelium 


UTLACXUEKT uediuu plus 

CITEIC ACIP YIZU) 

ON ADDED SDCAE 

mcssASB or uycelzal 

WXIOBT IN 7 DAYS 
rEKKENIATION* 

KH 1 P 04 

Zmc ions | 

Iron 10 ns 

e/L 

melL 

mgfL 

per cent 

g/JOO ml 

0 

0 

0 

50 

1 2 

2 5 

0 

0 

38 

1 4 

0 

2 4 

0 

50 

1 2 

2 5 

2 4 

0 

66 

1 8 

0 

0 

10 

48 

1 2 

2 5 

0 

10 

32 

1 6 

0 

2 4 

10 

33 

1 2 

2 5 

2 4 

10 

lit 

2 2 


* The initial mycelium weight was 0 2 g per liter of medium 
t Titratable acid calculated as anhydrous citnc acid 


It was thought possible that m a low phosphate medium, manganese, like 
iron and zmc, imght be less inhibitory to citnc acid formation than m the regular 
medium The fermentations, m replacement medium, nere conducted m the 
manner described above except that the growth medium used m this experiment 
was the regular high phosphate fermentation medium, and the replacement me- 
dium contamed 0 24 mg zmc and 1 0 mg iron per hter Various levels of man- 
ganese ions were added aseptically to flasks contammg replacement medium in 
which 3-day-oJd preformed mycelium was suspended The fermentation was 
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“ atmosphere on the reciprocating shaker In another senes of 

shalmr I phosphate medium on the rotaiy 

shaker After 3 days shaking, various levels of manganese ion were adde^ 

aseptically to these flasks These flasks were then similarly shaken on the 
reciprocating shaker m oxygen atmosphere After 7 days’ incubation, titratable 
acid was determined on both senes of flasks The results are shown in figure 3 
It naay be seen that the inhibitoiy eflfect of manganese ion was less pronounced 
tor the fermentation in low phosphate replacement medium than for that in 
high phosphate medium For example, at a manganese level of 6 ng per liter 
the yield was increased 3-fold in the absence of phosphate 



SUMMART 

An alummum hydroxide coprecipitation method was shown to be satisfactory 
m the purification of commercial glucose for submerged citric acid fermentation 
After treatment by this method and the addition of 0 3 mg zinc and 1 3 mg iron 
ions per liter of medium, commercial glucose gave a citric acid yield of 67 g per 
100 g of added glucose on a 14 per cent sugar solution The fermentation re 
quired 9 days 

Among the 5 essential constituents of the fermentation medium (NHir'Oi) 
MgSO^ THsO, KH2PO4, zme, and iron), KH2PO4, zme, and iron affected the 
yield of citric acid by some means other than their effect on growth Their 
optunum concentrations for maximum acid production are interdependent 

In the fermentation of a phosphate-free replacement medium vith preformed 
mycelium, the addition of KH2PO4 and zme favored the production of citric acid 
However, the reduction of citnc acid yield by the presence of manganese ions, 
and by high concentrations of iron and zinc 10 ns, vas less pronounced m a phos 
phate-free medium 
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Streptococci isolated from man and animals are usually nonmotile Only 
sixteen strams of motile streptococci have been reported (Kobhnuller, 1935, 
Pownall, 1935) All of these strams belonged to the enterococcus group En- 
terococci are frequently isolated from the blood stream The occurrence of 
motile strams, from man or animals, has not as yet been reported m Amenca 
The taxonomy of enterococci was greatly clarified by Sherman (1938), Kuehner 
(1946), and m the recent edition of Bergey’s Manual (Breed et al , 1948) The 
cardmal pomts in the differentiation of enterococci from other streptococci are 
hemolytic abdity and tolerance for the followmg heat (60 C for 30 mmutes), 
methylene blue (0 1 per cent solution), sodium chlonde (6 5 per cent), bile, 
and alkaline medium (9 6 pH) In addition, the action upon milk, esculm, 
sodium hippurate, gelatm, starch, and a number of other carbohydrates (chiefly 
lactose, muhn, raffinose, mannitol, sorbitol, and trehalose) aids m the classification 
of these orgranisms 

The motile streptococcus studied by us was isolated from the blood stream of 
an adult woman suffering from subacute bactenal endocarditis 

The cultures of the organism consisted of ovoid cells, 075tol0/xm diameter, 
occurring m pairs and short chams It was gram-positive and encapsulated, 
motile with one flagellum at room and mcubator (37 C) temperature The flagel- 
lum was difficult to stam After futile experiments to make it visible by Leif- 
son’s method, nigrosm permitted us to see it The difficulties encountered in 
the stammg of flagella of motile streptococci were descnbed by Pownall (1935) 
The organism grew well at room temperatue and at 37 C Gelatm was not 
liquefied On nutrient agar small, roimd, raised colonies were formed The 
growth m broth was diffuse, later formmg a heavy sediment Transitory acidity 
m litmus milk, without reduction, and alpha type hemolysis on blood agar plates 
were observed Acid but no gas was produced from glucose, sucrose, maltose, 
manmtol, sabcm, xylose, trehalose, and arabmose m 1 day, from lactose m 3 
days, from glycerol m 7 days Raffinose, sorbitol, mulm, rhamnose, and dulci- 
tol were not attacked m 3 weeks No dextran was formed Esculm was split 
Starch and sodium hippurate were hydrolyzed Ammonia was formed from 
peptone The organism survived heatmg to 60 C for 20 but not 30 mmutes 
It grew on agar at pH 9 6, m the presence of 50 per cent bile, m the presence of 
0 1 per cent methylene blue, and on 6 5 per cent sodium chlonde agar The 
fibrmolysm test was negative It was sensitive to 0 6 units of penicillm and to 
25 pg of streptomycm 
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This microbe differed from the Streptococcus pyogenes group by the fermenta- 
tion of mannitol, the tolerance of methylene blue, and hemolytic properties It 
was distinguished from the vindans group of streptococci by its tolerance of 
methylene blue, alkalmity, and salt and also by the production of ammo- 
nia It could not be placed as a typical member of the “lactic” or the “enter- 
ococcus” group because of its lack of action on mdk 
Thus this streptococcus cannot be classified as a typical member of any of the 
commonly recognized groups It may, however, be a vanant of Streptococcus 
faecahs, which belongs to the enterococcus group It differs from this orgamsm 
only by its failure to attack milk and by its ability to hydrolyze starch 

SUMMARY 

An unusual motile streptococcus isolated from the blood stream of a patient 
suffering from subacute bactenal endocarditis is described 
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The oigani&ms of the pleuiopneumonia group have been set apart fiom other 
miciooiganisms because of then small size and cuiious moiphologj^ Then 
extiaoidinaij' pleomorphism is veil illustiated in the studies that Tang made 
by means of daik-field obseivation of living broth cultures (Tang et al , 1934, 
1936) He desciibed gianules, coccobacillaij^ bodies, filaments, and “img” 
foims, and he lecognized that the lattei ueie not actual rings, as some authors 
have supposed, but veie solid bodies of the sort that have come to be called 
“laige lound bodies” oi simply “laige bodies ” Tang noted that the large 
bodies M eie formed from the granules and came to contain one or more dots that 
incieased in size to form new gianules, which then budded off from the laige 
bodies In fieshlj isolated strains the vaiious elements remained attached to 
one another in filamentous forms, and these filaments bioke up into round oi rod- 
shaped foims IWien several granules remained attached bj short filaments to 
different points on the surface of a single large bodjL the resultant structure 
had a starlike shape, which led to the name “Asferococcits,” sometimes applied 
to these organisms 

Similar observations have been leported by other authors, as reMewed by 
Dienes (1945) Tang’s studies were made with strains of Pleiiropneumoma 
bovts The importation of this oiganism into the Untied States is prohibited by 
law^ because of its virulence for cattle, but oiganisms of similai morphologj^ have 
been isolated in this country and elsewheie from other animals Some of these 
stiains appeared as saprophytes upon mucous membranes, otheis as agents of 
spontaneous joint infections in rats In human beings oiganisms of this sort 
are common inhabitants of the uterme ceivix They haie also been isolated 
from vaiious genitourinary infections, notably prostatitis In a senes of 23 men 
with prostatitis yielding these oiganisms, acute joint invohement occuried in 11 
cases at the time the prostatic cultuies weie positne The organisms were 
cultivated directly from joint effusions m two of these patients (Dienes cl al , 
1948) 

The strains from these diverse souices, differing in pathogenicity and in sero- 
logical properties, have in common the fact that thej^ are among the smallest 
organisms that have been grown on lifeless media, and that thej resemble each 
other in their unusual morphologj and distinctn e, almost microscopic, colonies 
For these reasons thej^ have been classed together as organisms of a “pleuro- 
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pneumonia gioup,” or “pleuropneumonialike organisms,” oi, as ; 
tion, “L oiganisms” (Sabin, 1941) 

Although moiphology, including size as eU as shape, is the basis of this classi- 
hcation, much debate has centered ovei the actual structme and nature of these 
minute, pleomoiphic oiganisms (Illienebeigei and Smiles, 1942) We felt that 
the gieatei lesolution made possible bj"- the election micioscope might be of some 
aid in this pi oblem The present papei contains electron mici ographs of strains 
of human origin supplied by Di Louis Dienes These ii ill be referred to as L 
oiganisms 


AIETHODS 

yi election miciogiaphs neie made at 55 kv 

L strains n eie grown on ascitic fluid peptic digest plates at 37 C and e\ammed 
with the light micioscope bj’’ means of net cutout preparations stained nitii 
methylene blue and “azur II ” This teclmique has been desciibed elsenhere, 
togethei nith notes on the piepaiation of the medium (Dienes et al , 1948) 
The peptic digest \\ as a modification of “Mai tin’s peptone” (Wadsn orth, 1947) 
It nas prepaied b}' adding 600 g of fiesh, mmced hog stomach and 36 ml 
cone HCl to 3,000 ml natei After 20 boms’ incubation at 50 C, the fluid nas 
decanted and bufifeied with 4 g K 2 HPO 4 and bi ought to pH 7 8 nith 10 n 
X aOH It nas then filteied tluough gauze and cleaied by filtration through 
papei Steiihzatiou nas accomplished by passage through a Seitz filtei When 
plates neie to be piepaied, 15 pei cent of this digest and 25 per cent of ascitic 
fluid neie added to the sedimented boiled blood agai pie\nousl 3 ’’ described 
The digest affords moie abiuidant gionth, but its use is not essential It is 
impoitant that the ascitic fluid be buffeied to pH 7 4 nith ILH 2 PO 4 and that the 
plates be soft (1 pei cent agai) and sealed to pre\ent diying dunng storage L 
colonies gioM doira into the agai and hard plates can completel}'’ prei ent groii tli 
Although the plates just desciibed permitted excellent growth and senal 
passage, neopeptone infusion broth ennehed Mith ascitic fluid and peptic digest 
failed to support continued propagation of two L strains which we isolated from 
the human uteiine cel^^^ Rabbit seiaim piosed equall}' unsatisfactoi’j as an 
eniiching matenal, but when 30 pei cent hoise serum was added to the brof j 
the stiams weie successful!}' carried thiough 8 tiansfeis The tubes developec 
onlj' faint tuibiditj , but subcidtuies to plates jnelded abundant growth 

Piepaiations foi electron nuciogiaphj'' weie made b} touching a few colonic^ 
with a pm, which was then lepeatedW thrust mto a drop of distilled water upon “i 
pailodion film coi ei mg the electi on mici oscope screen Wfiien it w as desired 0 
stud}' fixed organisms, a diop of 2 pei cent osraic acid solution was put upon 
screen instead of a drop of w atei This fixatn e a olatilized w ithout depositing 
ci}stals A second method was to flush the osmic acid solution back and or^ 
w ith a pipette o\ ei the surface of agai beai mg colonies A drop w as then t rans 
feiied to a screen The latter method was much le^s satisfactor} , since deir- 
was carried over to the screen 

We aie mdebted to Dr Keith Porter and IVIr Winfield Baker for 
with some of the micrographs 
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Findings 'intJi Oigamsins of the Pleitropneumoma Group {L Orgamsms) Isolated 

fioni Human Sources 

The L50 stinni Mas the first to be examined It had been isolated from the 
iiteiine ceiM\ and earned foi se\eial a ears on ascitic peptic digest plates as a 
t^■pe cultuie lepiesentatn e of L organisms deined fiom the genital tract A 
plate healing colonies of this stiain m as pioi ided by Di Dienes The plate had 
been meubated 4 dai s, and a semiconfluent gioudh of tmy colonies approximatelr 
0 2 mm in diameter had dm eloped upon it Stamed Met cutout pieparations, 
examined Mith the oil immeision lens, shoMed that these colonies Mere composed 
of lound bodies of ^ an mg size and small lod-shaped bodies, and that thea had 
the pecuharh distmctne appeaiance of L colonies, phot ogiaphs of Mhich haie 
been published elseulieie (Dienes, 1945) 

Election mici ogiaphs of organisms of this strain aie gnen in figures 1 to 5 
Thej shoM round bodies that \ arj in size from 0 5 (figures 2 incl 3) to 3 microns 
(figure 5) in diameter In addition, short cun ed or tMnsted and slightly nodular 
filaments Mere seen, the longest measuimg 5 microns Of particular interest 
Mas the obsenation of lod-shaped bodies Manj such Mere found Thev 
ai eraged 1 3 microns in length and 0 5 microns m Midth The^ thus had a dis- 
tinctlj’ elongated, bacillan shape In figure 1 the protoplasm of one of these 
lod-shaped bodies has retracted shghth, and a m ell-defined cell MaU is msible 
The size and shape of these organisms, together Math the demonstration of a cell 
Mall, make it certain that they must be regarded as indubitable bactenal cells 
The smallest cells seen in this strain iveie the 0 5-micion round bodies mentioned 
above 

The cj^oplasm of most of the cells m figures 1 and 2 appeared aacuolated 
In addition, in these pictures and in figure 3, m ell-defined intracellular granules 
0 1 to 0 IS microns in diameter Mere seen These granules occurred independ- 
entl 3 ’-of ■\acuolationofthecells The largest cell in figure 1 shoMS them distrib- 
uted rather eienlj' along the course of the cell Laigei and less m ell-defined 
areas of increased densitj can be seen m the elongated cell shoMTi in figure 3 
A large, shai-plj' defined aiea of mcieased density, 0 3 microns across, occurred 
at the enlarged end of the cell in figuie 4 Short, tMisted, nodular filaments oi 
chams of small round cells are characteristic of the L tipe of gioM-th The 
long cell in figure 3 Mould appear to be such a filament The large, rounded, 
dense knob at the end of the cell in figuie 4 probabh represents an early stage 
in the formation of a free round cell 

Of the three round cells shoM-n in the microgiaphs, the smallest (figure 2), at 
the aoltage emplojed, appeared as a homogeneous protoplast surrounded bj a 
per ipheial structure of relatn ely Iom densiti The second, shghth larger (figuie 
3) contained fii e scattered areas of increased densit\ The large round bod\ of 
figuie 5 had a large diffuse area of increased densitj in its center XeM round or 
elongated cells are knoMTi to arise from large bodies such as this The bodj shoMTi 
here Mas selected because its tMo stubb^ outpouchmgs seemed to represent the 
earliest stage in such germination More Mall be said of the process of germma- 
tion in this and the succeeding paper 

Round bodies m ere considerabh less common in the electron micrographs than 
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FiflKres / < 0 ere made mth an electron microscope at 55 k\ 

Figure 1 LSO Rod-shaped cells containing intracellular granules In the hig celt 
the lower center of the photograph the protoplasm has refracted and the cell « all is ' isihlc 
15,000 X 

Figure 2 L50 Two rod-shaped cells and a round cell 15,000 X 

in Met cutout pieparations, and it nas suspected that some procedure in the prep- 
aration of the screens mav hare acted to destrot them Well-det eloped cell 
■walls Mere not detected on the round bodies, a finding ithieh suggested that thoir 
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suiface might be less stuidv than the surface of the bacillaiy foims Hence it 
seemed possible that the loss of lound bodies had lesulted fiom osmotic buisting 
occasioned by immeision in distilled 'watei uhen the scieens Mere prepaied 





Figure S L50 A nodular, filamentous cell and a round cell 27,000 X 
Figure 4 L50 Filamentous cell mth enlargement at one end 27,000 X 
Figure d L50 Large round bodj Its une\en contour and the t\\ o blunt outgroM ths 
at its loner pole illustrate the earliest stage of germination 15,000 X 

This hjyiothesis uas boine out by subsequent obsenations leported m this and 
the accompanjnng papei 

The next stiain examined, L4330, had been isolated from the utenne cen ix 
m 1940 Except for intermittent periods of preservation in the frozen state, it 
had been earned since then on ascitic peptic digest plates bj transfers et en 4 
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ays in Di Dienes laboiatoiy In 1912 this stiam i\as sent to Dr Albert Sabin 
M lo published an account of studies made iiith it in his laboratory, concluding 
that It should piopeily be classified m the pleuropneumonia group (Wairenancl 
babin 1942) When sent to us in 1945, it formed colonies and exhibited pleo 
moipliic foims like those shown in the photographs published by Waiieii and 
babin in connection with then study of it In wet cutout preparations it ap 
peaied compaiable to othei L strains examined bj^ this method 
Because of the small size of the colonies and then habit of burrow ing down into 
the agai lalhei than heaping up as suiface glow ths, transfers of L stiains fiom 
plate to plate aie customarilx’’ made by cutting out a piece of agar and nibbing it 
exmi the suiface of the plate to be inoculated L4330, transferred in this wai, 
produced densely ci ow ded gi ow ths that appeared as thm, delicately stippled films 
on the agai after 4 da3’^s’ incubation With the oil immeision lens, such a film was 
seen to be made up of tinj^ disci etc colonics, buried in the agai and composed of 
minute lound foims that stained a deep blue in the cutout piepaiations Pico 
moiphic foims were not in evidence 

Veiy diffeient weie the findings in less denseb’^ inoculated aieas Ascitic 
peptic digest plates weie inoculated with L4330 by nibbing a small piece of agar 
beaimg colonies ovei one-thud of its suiface (area 1), then cutting out a block 
fiom the inoculated aiea and nibbing it ovei anothei thud of the plate (aiea 2), 
and finally inoculating the last thud (aiea 3) in the same wa}' with a piece fiom 
aiea 2 Aftei 4 da^'s’ incubation, the giowth in aiea 1 seemed confluent In 
aiea 2 the colonies weie almost ever^niheie disci ete, sepaiated b^'' about 1 mm 
fiom each othei Ihese colonies weie about 0 2 mm acioss In aiea 3 the 
colonies weie well sepaiated, 2 to 3 mm apait, and weie about 0 5 mm in size 
Cutout piepaiations examined with the oil immeision lens showed that flic 
colonies in the seeminglj' confluent pait of aiea 1 weie discrete, though ilmost 
touching each othei These colonies aveiaged 10 to 20 micions in diameter 
Each was a lathei compact mass of tin}’’, deeph'" stained granules gi owing down 
into the agai None of the gianules appealed to be laigei than 0 5 microns 
Laige round bodies, bacillaij’^ foims, oi fil iments could not be found, but some 
granules were eonnected b}’’ a fine thiead 

In aiea 2, wheie the colonies weie less ciowded and biggei, thou appearance 
w as different They still show ed the deeply stained gi anules gi ow mg down m tlic 

agai , but each had a mound of suiface grow th that appealed as a lacx halo w leii 
obseived with the low power of the mieioscope With the^oil immersion lens, 
this halo was seen to be composed of laige lound bodies 5 to 7 micions m ( wmc 
tei , as shown in manj'^ published photogiaphs of L colonies The colonics m arc^i 
weie similai but larger, and in them new growths of gianules down into the agar 
had begun at many places on the pei ipherj^ of the halos In the«e aieas sonic o 
the “granules” were distinctly rod-shaped instead of round 

This experiment is cited m detail because bacillarj foims were seldom «ecn ^ 
electi on microgi aphs made from confluent ai eas of gi ow th 1 o obsen c le 
it was necessary to empio} scieens prepared fiom well-separated colonies 
weie sought m paiticular with the aim of elucidating the lelationship be wc 
lod-shaped and the round bodies 
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It \\as soon learned that the lound bodies in this stiain, as in L50 i\eie in 
laige measuie destioyed by immeision in distilled iiatei Figure 6 shoMS or- 
ganisms plasmolysed as a lesult of such tientment These plasmoljzed cells 
shon eleaily the leason foi then destiuction, foi it is eaident that they lack the 
stuid-s outei stiuctuie that composes the nail of oidmai 3 " bacteria One to five 
small dense gianules lay along the limiting surface, presenting exactly the picture 
of “img” foims long known to be chaiacteiistic of pleuiopneumonia organisms 
One such granule laj"^ m each end of a rod shaped cell residue (uppei right of 
photogiaph), and two laj’- in the enlarged end of a longer rod-shaped cell residue 
w itli tw 0 smaller and fainter ones in the nai row ei poi tion of the same cell (low ei 
left) The binned appearance of the lod-shaped cells showed that thej' also 
suffered osmotic nijurj’^ as did the round cells The dclicacj of then cell wall is 
apparent The presence of granules in mjiiied cells is obMOusl 3 ^ difficult to 
interpret The 3 ' aie commented upon meiely because the 3 conform to the 
pattern observed in daik-field oi stained prepaiations 

Because of the plasmol 3 'sis, it was determined to emplo 3 ' a fixative For this 
purpose, a chop of 2 per cent solution of osmic acid was placed on the screen in- 
stead of a chop of distilled water, and the oiganisms were transferred to it b 3 ’' a 
pm This procedure preserved them Election miciogiaphs of L4330 made in 
this manner are given in figures 7 to 17 
The lound forms obseived in the fixed specimens ranged in diameter from 

0 25 to 0 7 microns The 3 ’’ had a finely gianulai appearance, occasionall 3 ’’ w ith a 
dense mass in the centei (figuie 7) These small round cells were found to be 
capable of division by simple fission m the mannei of cocci (figures 8 and 9) 
Some of the small lound cells became elongated, and it appeared that the lod- 
shaped cells arose in this wa 3 '' (figures 7 and 10) Rod-shaped cells from 0 5 to 

1 3 micions m length w ere found (figures 11 to 15) The larger of these exhibited 
a swelling toward one end 

The formation of a new round cell (“large bod 3 ’^”) from this swelling is well 
showTi in figures 11 and 15, which also show concentration of material with 
greater abiht 3 ^ to scatter the electron beam in the forming large bod 3 ’-, a picture 
leminiscent of that obtained with developmg spores 

The germination of large bodies to form a new generation of small, round 
cells IS showTi in figures 16 and 17 Figure 16 shows a large bod 3 ' whose suiface 
has become nodular, resulting in a mulbeii 3 dike appearance Observation of 
living cultures has shown that such bodies bieak down into multiple new daughter 
cells without much further change in shape The large bod 3 (A) m figuie 17 
had given use to two thick outgiowths, B and C B was a blunt mass, but C 
had begun to differentiate into small round cells, three of winch arc cleaiR 
defined The invagination of the outgrowing filament to form these tliiee cells 
maiks the process as one of segmentation of the filament 

Ohseivahons on Nelson’s Coccobacillifonn Bodies 

A further gioiip of organisms of interest in connection with the present work 
were the “coccobacillifoim bodies” isolated from the nasophar 3 nx of rats, mice, 
and chickens (Nelson, 1939) Not all of these strains hare been grown on life- 
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less media, but it is probable that they should be included m the pleuropneumoma 
group (Sabin, 1941) A stram of these organisms isolated from chickens and 
adapted to tn vitro cultivation was provided by Dr Nelson This was an aviru- 
lent strain Nelson found that virulent strams failed to grow on media that 
supported growth of organisms of the pleuropneumonia group When moculated 
onto ascitic peptic digest plates, it produced abundant growths of tmy, glisten- 
ing pm-pomt colomes These proved readily transplantable, but the colonies 
were always tmy, never attaining a diameter greater than 0 3 mm Growth was 
less abundant and the colonies tended to autolyze on horse serum or horse blood 
plates In liquid media excellent growth was obtamed in infusion broth en- 
riched with 30 per cent horse serum, defimte turbidity appearmg after 72 hours’ 
incubation and enormous numbers of colomes arismg when a drop was trans- 
ferred to a plate No growth occurred m plam broth or m broth ennched with 
ascitic fluid Good growth took place m Tyrode’s solution contammg bits of 
chick embryo tissue and buffered to pH 7 4 with NajCOs Although growth m 
this medium did not progress to the extent of producing turbidity, transfers from 
it to plates yielded great numbers of colomes Giemsa-stamed smears were pre- 
pared from the liquid media, and the tmy round coccoid and minute rod-shaped 
bodies described m the literature were observed 
More definitive observations, for our purposes, were made by an examination 
of pieces of agar cut out of ascitic peptic digest plates bearmg the colonies and 
stamed as wet preparations by methylene blue and “azur II” m the manner em- 
ployed for L organisms With this technique the individual cells could be clearly 
seen lymg on or in the agar, not shrunk by drymg as in smears, and their relation 
one to the other could be clearly ascertamed Durmg the first 48 to 72 hours of 
growth, the colonies consisted of tmy round bodies about 0 5 microns m diameter 
These lay smgly, m pairs, or m short, twisted chams, bespealong division by 
simple fission The colonies grew down into the agar Larger round bodies, 
up to 2 5 microns m diameter, occurred, notably at the surface of the colonies or 

Figure 9 One of the “short, nodular filaments” characteristic of L orgamsms It is 
composed of 3 round cells that have divided by fission 
Figure 10 Elongated cell 

Figure 11 Two rod-shaped cells, one of which is enlarged at one end This illustrates 
the beginmng of large body formation 
Figure 18 Rod shaped cell 

Figure 13 Rod-shaped cell with beginmng enlargement toward one end Also a small 
round cell 

Figure H Rod shaped cell with bulbous enlargement at one end Also 3 round cells 
Figure IB Eilamentous cell with well-formed large round body at one end 
Figure 16 Large round body showing beginmng segmentation into multiple small round 
cells 

Figure 17 Large round body (A) showing outgrowths at B and C The outgrowth at C 
has begun to segment into small round cells 

Figures 18-80 Light microscope photographs of a strain of Nelson’s coccobacilliform 
bodies Agar cutout preparations stained with methylene blue and “azur II ” 

Figure 18 Large round body on surface of agar 4,000 X 

Figure 19 Young colony composed of short tortuous chains of small round cells growing 
down into the agar The central dark area was composed of a large round bodj lying on the 
surface of the agar and consequently somewhat out of focus The chains of small round 
cells grew out from the large body 4,000 X 

Figure 80 Four-day old colomes on agar The dense center and lacj peripheral zone 
are characteristic of orgamsms of the pleuropneumonia group 100 X 
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Singly on the agar (figure 18) Although the colonies consisted for the most 
part only of the small cells of rather uniform diameter, it was evident that grmrtli 
sometimes derived from the larger round bodies, one or more chains of small 
cells extending out from them Figure 1 9 shows one such young colony that bad 

developed from a large body At least three twisted nodulai filaments extended 
out from the body , and each filament had begun to segment into small round cells 
These filaments had gro^vn down mto the agar, and the large body that lay on 
the surface w as, therefore, slightly out of focus Next to this young colony, two 
small round cells lay on the surface of the agar They were evidently in the 
process of division by simple fission The small round cells in this photograph 
were all approximately 0 5 microns m diameter Older, better-developed col 
onies are shown m figure 20 They have the dark center and lacy peripheral 
halo associated vnth colonies of the recognized strams of pleuropneumomalike 
organisms Each tmy dot m this halo was a smgle small round or mmute rod 
shaped cell, with larger lound cells here and there, as higher magnification 
showed 

The appearance of the colonies, their habit of burrowmg down into the agar, 
the size and morphology of the elements composing them, and the reproduction 
both by simple fission and by multipolar germmation of large bodies led us to 
conclude that this stram of coccobacilliform bodies could properly be mcluded 
m the group of pleuropneumomalike (L) organisms 


DISCUSSION 


By means of the electron microscope it has been possible to observe the pleo 
morphic cells of two strains of L organisms with greater accuracy than bad been 
possible with, light microscopy The rod-shaped cells of the L50 stram were 
thus found to have a cell w'all that could be distmguished from the mner cell 
protoplasm The somewhat larger, more filamentous cells developed nodular 
sw'ellmgs, thereby reveahng the manner of formation of the large round bodies 
The organisms of the IA330 stram were smaller, and differentiated cell walls 
were not detected m them Their pattern of development was nevertheless 
similar, and a senes of micrographs is given showmg the development of large 
bodies m this stram When these bodies began to form m rod-shaped cells, one 
saw an enlargement m the middle or toward the end of the cell This enlarge- 
ment increased m size until it became very bulbous Such enlarged areas usua y 
caused more scattenng of the electron beam than did the other portions o 

cells beanng them , jl 

The germination of large bodies to yield a new generation of small roun 
was also observed When this occurred, the protoplasm pushed outward at 
to 3 pomts on the surface of the body These outgrowmg filaments tden 
came constncted m several places along their course, and the new ceUs P . 
duced by fission of the filaments This type of germmation might be 
to the germmation of certain Actinomyces spores from which J 

out and then segment to yield new cells fKnaysi, 1944) It differs fr 
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gennmation of most bacterial spores in that it is multipolar rather than unipolar 
Sometimes the whole surface of a large body became nodular, only very stumpy 
filaments were extended, and segmentation into new cells occurred while the body 
was stiU essentially round 

Consideration of the diffeiences between large bodies and bacterial spores ap- 
peared to throw some light upon the manner of their gennmation The re- 
sistance of spores to heat, changes m osmotic environment, drying, and agmg is 
considered to be a property confened upon them in large part by the character 
of their ceU walls, which have been shown by various techniques, mcludmg elec- 
tron micrography (Knaysi et al , 1947), to be well-developed structures Upon 
gennmation, the waU cracks, and the new vegetative cell then pushes out 
On the other hand, our electron microgiaphs showed that the large bodies did 
not have the well-formed, sturdy cell walls possessed by spores The lack of 
this structure doubtless accounts m part for the fact that they are not resistant 
to heat, drying, or agmg That their limitmg membrane is mdeed delicate 
was shown by the findmg that they were readil}'^ burst by immersion m distdled 
water This quahty of the surface of the large bodies would seem to go some 
way toward explammg the multipolar character of their gennmation, for, at 
the tune of gennmation, an mcrease m the volume of protoplasm contamed 
within such a dehcate membrane might be expected to weaken the membrane 
at many pomts, through which the piotoplasm could push outward Individual 
differences m elasticity of the surface may perhaps determine whether a given 
large body will send out a few relatively long filaments, which then segment, 
or whether its surface will become nodular and segmentation occur without 
the development of filamentous outpouchmgs The latter process is well 
descnbed m the case of the breakdown of large bodies of LI into multiple small 
round forms (Klienebeiger and Smiles, 1942) 

It IS abundantly clear that reproduction by means of large bodies is not the 
sole means of groivth of the L organisms Under certam conditions, notably 
croudmg of colonies, one sees no forms other than small roimd cells, and these 
are obviously leproducmg by simple fission m the manner of cocci Our studies 
with the electron imcroscope show that these small round cells, as well as the 
rod-shaped cells, are capable of division by simple fission It would seem likely 
that large round bodies also developed from the small lound cells, for large bodies 
often formed m colonies in which rod-shaped cells were not m evidence 

Indubitable bacillary forms were demonstrated by Weiss (1944) m electron 
micrographs of a stram of organisms of the pleuropneumoma group isolated from 
a spontaneous jomt infection m a rat Multipolar gennmation of a large round 
form IS well seen m figure 10 of her paper The franlc baciUaiy forms detected 
in her cultures resemble those seen m the L50 stram, m which such forms were 
larger and more numerous than is usually the case m strams isolated from the 
human genital tract The smaller cells of the L4330 strain are more typical of 
freshly isolated human stiams 

Recently, Hesselbrock and Foshay (1945) published studies on the morphology 
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and filterability of Bacterium iularense that led them to conclude that that or 
ganism should be included m the pleuropneumoma group Their photographs 
show well-defined bacillary forms, and also large round bodies from which fila- 
ments, sometimes blanched, have grown out 

The identification of rod-shaped cells in the two human L strams described in 
this paper, and their presence m the photographs of Weiss and of Hesselbrock 
and Foshay, support Dienes’ view (1945) that the organisms of the pleuropneu- 
monia group are essentially small, pleomorphic bacilli The development of 
large round bodies as swellmgs withm bacilli or bacillary filaments and the 
manner of subsequent germmation of these bodies afford an explanation of the 
significance and function of the pleomorphism The mam point that distin- 
guishes the germination of the large bodies is that they divide into multiple 
daughter cells Formation of such large bodies and reproduction by means of 
them are not limited, however, to the tmy organisms now lumped together in 
the pleuropneumonia group It has been observed in large bacteria belongmg 
to several of the common genera In the accompanying paper electron micro 
graphs are presented that show this mode of reproduction m a large anaerobic 
bacterium, Bacleroides funduhformis (Smith, Mudd, and Hillier, 1948) 


SUMMARY 

Two strams of pleuropneumonialxke (L) organisms derived from the human 
genital tract were studied The morphology and mode of reproduction of these 
organisms as revealed by the electron microscope are described One stram of 
Nelson’s coccobacilliform bodies was exammed Its morphology and colonial 
appearance correspond to those of recognized strains of pleuropneumonialike 
organisms 


KEFERENCES 


Dienes, L 1945 Morphology and nature of the pleuropneumoma group of organisms 

J Bact , 60, 441^58 , , 

Dienes, L , Ropes, M W , Smith, W E , Mavoff, S , and Baueb, W 1948 The roic oi 
pleuropneumonia-like organisms in gemto-unnary and joint diseases New ng 
Med , 238, 509-516, 563-567 . , 

Hbsseebkock, W , AND Foshay, L 1945 The morphology of Badenum lularcme 

Bact , 49, 209-231 

Klienebeegeh, E , AND Smiebs, 3 1942 Some new observations on the devdop 

cycle of the organism of bovine pleuropneumoma and related microbes J > 


Elements of bacterial cytology Comstock Pub Co , Ithaca, N Y 


110-123 

Knatsi, G 1944 

Enaysi, G , Baker, R , and Hillibb, J A study, wth the l»sh voltage c^tw' 

microscope, of the endospore and life cycle of BaMus mycoides J Bact 83, 5 
Nelson, J B 1939 Growth of fowl coryza bodies in tissue culture and in bio 6 
J E’xptl Med , 69, 199-209 

Sabin, A B 1941 The filterable microorganisms of the pleuropneumonia gr p 

Revs , 6, 1-67 


Bact 



1948] 


PLEUROPNEUMONIALIKE (h) ORGANISMS 


601 


Sahth, W E , Mtjdd, S , AND Hillier, J 1948 L-type variation and bacterial reproduc- 
tion by large bodies as seen in electron micrographic studies of Bacteroides funduli- 
formis J Bact , 66, 603-618 

Tang, F F , Wei, H , and Edgar, J 1936 Further investigations on the causal agent of 
bovine pleuropneumonia J Path Bact , 42, 45-51 

Tang, F F , Wei, H , McWhirter, D L , and Edgar, J 1934 An investigation of the 
causal agent of bovine pleuropneumonia J Path Bact , 40, 391-406 

Wadsworth, A 1947 Standard Methods Williams & Wilkins Co , Baltimore, Md Refer 
to p 191 

Warren, J , and Sabin, A B 1942 Some biologic and immunologic characteristics of a 
pleuropneumonia like nucroorgamsm of human origin Proc Soc Exptl Biol Med , 
61, 24-26 

Weiss, L J 1944 Electron micrographs of pleuropneumonia-like orgamsms J Bact , 
47, 523-527 




L-TYPE VARIATION AND BACTERIAL REPRODUCTION BY 
LARGE BODIES AS SEEN IN ELECTRON MICROGRAPHIC 
STUDIES OF BACTEROIDES FUNDULIFORMIS 

WILLIAM E SMITH, STUART MUDD, and JAMES HILLIER 

Rod efellcr Insitlule for Medical Research, New York, N Y , the Umvcrstly of Pennsylvania, 
School of Medicine, Philadelphia, Pennsylvania, and the Radio Corporation of 
America Laboratories, Princeton, New Jersey 

Received for publication August 2, 1948 

The division of one cell into two daughter cells has long been accepted as the 
mode of reproduction of the bacteria A second mode of reproduction, however, 
has been observed m many strams, belongmg to several eommon genera, and con- 
sists m the fonnation of large round bodies from which more than two dauglitcr 
cells derive (Dienes, 1946, 1947) This process is exhibited very commonly by 
organisms of the pleuropneumonia group (Smith, Hilhei, and Mudd, 1948) It 
is also often seen in the large anaerobic bacteria of the Bacleroidcs fnnduli- 
formis group, and the production of multiple daiiglitei colls fiom Bacleroidcfs 
large bodies has been demonstrated by cmematograpbic rcrords of the germina- 
tion of mdmdual livmg large bodies (Dienes and Smith, 1944) The daughter 
cells resultmg from such germmation usually resemble the relatively large bacil- 
lary Bacteroides cells, but under certam conditions much smaller elements arc 
produced, and these form tmy colonies with the peculiarly distinctive appearance 
characteristic of colomes of the pleuropneumonia (L) group of organisms The 
production by ordmary bactena of such tiny L-type colonics has been termed 
L-type variation The formation of large bodies has been a promment feature m 
all strams of bactena that have exhibited L-type variation, no matter what th^ir 
genus, and the L-type of grou th has derived from the large bodies 
The work reported m the present paper was undertaken with the aim of gather- 
mg further information about this procc‘-s by means of the electron microscope 
Bacteroides fundidiformis, stram 132, was selected as the test organism. It had 
been isolated from a kidney abscess (Smith and Ropes, 1945) The paper just 
cited contains a review of the clmical aspects of Bacteroides infections 

iIl,TlIODS 

The 132 stram was groum m Bre.vcr’s thioglycolate broth Cells for eh < tron 
microscopy were obtamed by dilutmg the broth v>ith an equal part of Tyrode'/J 
solution and centrifuging the organism^ dov/n 
The sediment was r^uspended m TjTode’= solution, spun again, and rratm- 
pended m the ‘solution a second time The v ashmg freed the cells of material 
m the broth that otherwise clouded the electron pictures This siispinsion 
was divided into 4 tubes, which were then centrifuged The sediment in tube J 
was taken tip m a ‘rniall amount of Tyrode’s solution and drops were transfi rn d 
to parlodion fil'^ - on screens After drying, these screens v ere floated on dis( il (< 
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water to dissolve salt crystals The sediment m tube 2 was suspended in 0 1 
per cent phosphotungstic acid (PTA) freshly made up from a stock 1 per cent 
solution, that m tube 3 was taken up m 5 per cent formalm The sediment in 
tube 4 was suspended m Tyrode’s and poured as a shallow layer mto a disli that 
was put m a closed chamber together with a dish of 2 per cent osmic acid for 30 
mmutes, after which it was transferred to a tube The suspensions of organisms 
treated by these various fixatives were spun dotra, resuspended in distilled water, 
spun again, taken up m a small volume of distilled water, and transferred to 
screens For cultures on sohd media, ascitic peptic digest plates incubated 
anaerobically were used (Smith et al , 1948) AH the micrographs were made at 
55 kv 


Findings vnth the 1S2 Strain 

On sohd media this organism grows as a rod-shaped bacterium, rather uniform 
m shape and approximately the size of Escherichia coli Large round bodies and 
bacillary cells with swellmgs toward the center or end do occur, but they are not 
numerous The remarkable pleomoiphism of the organism is best exhibited in 
liquid media, and the observations here reported were made with cells taken from 
Brewer’s thioglycolate broth and fixed as noted m the legends accompanying the 
photographs The pattern of pleomoiphism descnbed occurred equally well m 
meat tubes or m rabbit serum broth mcubated m anaerobic jars The pleo 
morphism of this stram was best seen in cultures transferred every 24 or 48 
hours Old cultures transferred at long and irregular mtervals or kept in the 
icebox tended to grow as simple rods, rather imifonn in size and shape 
The usual method for prepanng bactenal cells for electron microscopy has been 
to suspend them m distilled water Bacleroides cells when suspended m distilled 
water and transferred to screens gave preparations that werewery cloudy, in- 
deed, few cells could be seen m them The cause for this was not far to seek, 
and is shown by the following experiment 

Cells from a 9-hour thioglycolate broth culture (figure 1) were washed three 
times m the centrifuge by spinning them down and resuspendmg them m Tyrode s 
solution The final suspension was divided mto two tubes, each of which was 
spim agam The sedimented cells from one of these tubes (tube A) were tak® 
up m Tyrode’s solution, those from the other (tube B) were taken up m distil 
water Withm a few minutes there was a sudden clearmg of the liquid m tube B, 
and its contents became sluny so that a gelatmous film was deposited on the gfes 
when the tube was tipped No such slune formed m tube A, which retained the 
swirlmg cloudmess shown by bactenal suspensions for as long as it was kept ( 
hours) Obviously, the cells suspended in distilled water had undergone ^sis, 
whereas those suspended m Tyrode’s solution had not, as was confinne y 
microscopic exammation of drops of fluid from both tubes 

This expenment was repeated with four additional broth cultures betwee 
9 and 30 hours old In the younger cultures the cells were seen as sunple r = 
or as rods beanng swellmgs upon them The older cultures consist a 
entirely of large round bodies When the organisms from these cultures w 
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suspended in distilled nfitei, they iindeinent lysis just as had those in the fiist 
expeiiment The slime that foimed as a lesult of l 3 "sis absoibed so much of the 
election beam that it Mas almost impossible to get cleai-cut pictuies of the oc- 
casional oiganisms that lemained intact To make moie satisfactoi}^ piepaia- 
tions foi election micioscopj'-, diops of oiganisms suspended m Tjn ode’s solution 
Meie tiansfeiied to the scieens and peimitted to dij'', and the screens neie then 
dipped 01 floated m distilled natei to dissolve the salt ciystals Fenei oigan- 
isms undeiMont Ij'sis m these piepaiations, but the method was fai fiom satis- 
factoij’' because of the manj*- salt cij'^stals that lemamed A means w as theiefoie 
needed to make possible the tiansfei of unlj^sed oiganisms to the scieens as fiee 
as possible of e\ti aneous mattei It w as found that w hen foimahn w as added to 
aliquots of Tju ode’s suspensions of these oiganisms to give a final concentiation 
of 5 pel cent then the fixed cells could be spun down and lesuspended m distilled 
watei without Ij^sing The same pieseiiation of cells was achieved bj’- fixation 
with phosphotiingstic oi with osmic acid, and the technique gnen in the section 
on “Methods” was theiefoie devised 

The Ij^sis of these oiganisms when thej”^ weie suspended m distilled watei sug- 
gested the concept, latei suppoited by the miciogiaphs, that then cell walls 
weie moie delicate than those of othei bacteiia, foi, with the exception of the 
oiganisms of the pleiuopneumonia gioup, othei bacteiia studied by the election 
micioscope have been suspended in distilled watei without this paiticulai diffi- 
culty having been encounteied 

The extiaoidmaij’’ pleomoiphism of this stiam is illustiated in figuie 1, which 
show s oiganisms fiom a 9-houi bioth cultuie It can be seen that ei en in such 
a jmung and activelj’’ glow mg cultuie a gieat peicentage of the cells ahead}'’ show’’ 
swellings and a few large lound bodies have foimed In preceding detailed 
studies of this stiain, it was found that cells fiom cultuies 3 to 6 houis old weie 
mostly regular, unifoim lods Reproduction dining this eailj" phase evidentl}’’ 
took place only by simple fission Bj’- means of the election micioscope, it was 
possible to show such division by simple fission (figiiies 3 and 4) The point is 
mentioned because of the moie complex mode of lepioduction next desciibed 

This moie complex process began neai the ninth houi and was signalized b}"- 
the development of a bulge or enlargement in the middle oi tow aid the end of 
the cell (figures 1 and 5 to 11) It not infiequentlj^ happened that this enlarge- 
ment occurred at the adjacent ends of two cells that had resulted fiom a lecent 
division by fission but that had not j-^et completlj^ separated (figures 1 and 5) 
The bulbous, enlarged areas rncreased rn size until thej'- comprised most of the 
total cell area, only a small “tail” of the cell letainmg the lod-shaped form 
(figures 10 and 11) Many cells thus became wholly round (figures 12 to 18), 
though often retaining a small stump of then original rod-shaped structure 
(figuie 13) 

Bj’’ the twent 5 '^-fouith hour the cultures consisted chiefl}' of these “laige round 
bodies ” They measured 3 to 10 microns in diameter 

The manner of germination of these large bodies was best obsened bj trans- 
feiiing them to fresh medium In previous studies large bodies of thisstrainwere 
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All figures e\cept 1 and 23 to 26 were made with an electron microscope at >5 k\ T : 
scale on the photographs represents 1 micron i n i ir 

Figtire 1 Cells from a }ourig thiogJj eolate broth culture The culture is on)\ J ‘jou 
old, jet the cells alreadj show bulbous enlargements and a few large round bmlns In 

formed There are several pairs of bacilli bespeaking division bj fission Oncjnirm 

middle of the photograph shows enlargement of the adjacent ends The org inHiii-- «< 
placed in a thin film of agar and photographed unfi\ed and unstained with t light ini 
scope 1 110 X 
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placed upon a thin layei of anaeiobic agai and coveied nith a sterile covei slip, 
and pliotogiaphs neie made at houil 5 '- inteivals nith an oil immeision lens 
(Dienes and Smith, 1944) This pioceduie piovided a cinematographic record 
of the germination of individual living large bodies It vas thus shown that 
some laige bodies segmented into foui or five daughtei bacillai}" cells, whereas 
otheis sent out filaments at two to six points on then suiface, and these fila- 
ments then bioke up into bacillai 3 '^ cells Electron microgiaphs of such germi- 
nating large bodies aie given in figuies 19 to 22 In figuie 22 it can be seen that 
outpouchings have occur led in six regions of the surface of the bodj^ and it is 
possible to ti ace a continuous cell w all enclosing the body and these outpouchmgs 
In other words, the piotoplasm of the large lound cell has pushed out to form 
short, twisted filaments extending from the cell but still sheathed with the wall 
of the cell The bodj’' show n w as selected because it show s the successive stages 
of the pi oduction of the new cells The filament pushing out at the upper left of 
the bodj’’ is short and has a lathei smooth contour and homogeneous content 
The longer filament ]ust below it has a uniform width, as measured bj’’ the cell 
wall, but the protoplasm within the filament has divided into two spherical 
dense areas The longest filament, at the bottom of the picture, shows not only 
the division of the inner piotoplasm but also im agination of the cell wall aiound 
the spheiical protoplasmic masses Fiom the election pictures it was thus 
learned that the new cells produced bj’’ the laige bodies were derived bj' simple 
fission of the multiple filaments that giew out of the bodies 

A striking feature of the cell wall of the laige bodies was its veillike dehcacj’- 
In most of the photographs the cell wall could not be differentiated It was 
visible onlj"- -where the protoplasm had letiacted somewhat from the suiface of 
the cell, as in figure 22 The cell wall of the lod-shaped forms was also very 
delicate (figure 2) and again could be best identified only wheie the protoplasm 
had letiacted (figuie 6) It appeared as the same t 3 ^pe of veilhke sheath seen 
aiound the large bodies 

Internal Structure of the Cells 

The election miciogiaphs disclosed sti iking inhomogeneities indicative of 
segregation within the cells of mateiial with vai 3 ing abilit 3 " to scattei the elec- 


Figw c 2 Rod shaped cell from 31 hr culture The delicacj of the cell w all is apparent 
It IS seen as a mere veil like sheath Osmic acid 6,100 X 

Figure 3 Division bi simple fission From the same preparation as figure 2 
Figure 4 Anothei pair of cells resulting from division be simple fission Here the process 
IS almost complete Formalin 3,300 X 

Figure 5 A pair of bacilli with enlargement of adjacent ends Nine hour culture 
Formalin 4,900 X 

Figure 6 The cell at left shows beginning of central enlargement in a single coll In 
the other cell there has been segregation of the intracellular “dark” material and the 
\eillike cell wall can therefore be seen Formalin 5,280 X 

Figure 7 Three bacilli with enlargements in the middle A small round cell is superim- 
posed on the bacillus at the left, another lies at the extreme right of the photograph To 
ward the lower right corner there IS a small, regular rod shaped cell It contrasts greath in 
size with the large bacilli bearing the swellings Granules of dark material arc seen 
throughout the cells Thej are especialh prominent in the central swollen areas Forma- 
lin 4,900 X 

Figuie 8 Two bacilli with enlargements toward the end Dark intracellular material is 
distributed in granules in the enlarged areas of the cells 15 hours Formalin 5,280 X 
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Figure 9 Enlargement of the middle of a cell The cell membrane is \isible in “om 
places as a delicate veil 9 hours Formalin 20,000 X jj 

Figure 10 Tn o cells mth enormous but not uncommon, enlargements The upper 
still bears the tags of the bacillarj cell from ahich it deieloped Bacillarj tags aw i ’ 
evident in the lower cell, a hich is a more fully formed large round bodi 1 5 hours tor 
aim 10,380 X 
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tion beam The mateiial that scatteied the beam most strongl3^ appealed daik 
m the photogiaphs Foi convenience it is refeiied to as the “dark mateual ” 

In the lod-shaped cells the daik mateual sometimes la^'^ in laige lounded masses 
distiibiited along the couise of the cell oi m a single mass in the enlaiged aiea of 
a cell (figiue 9) The daik mateual nas often present in small gianules, 0 14 
to 0 5 micions in diametei, some of ■which i\eie scattered thioughout the cells, 
but foi the most pait these laj' in the enlaiged aieas (figuies 7 and 8) 

Gianules 0 1 to 0 5 micions in diametei were seen in the laige bodies (figuies 
12 and 15) In some of these the daik mateual la}"" m dehcatelj' beaded, thread- 
like stiands 0 1 micion vide and 1 micion oi moie in length (figure 16) In 
othei laige bodies it foimed an aiea occupying much of the cell and shovmg a 
veil-defined boidei against the hghtei cell piotoplasm suiiounding it (figures 
17 and 18) We hai e alreadj'^ desciibed the mannei m vhicli the daik mateual 
pushed outvaid in the filaments that extended from geiminatmg large bodies, 
hov it pinched off v ithin these filaments, and hov the pinching off of the daik 
mateual vas folloved bj^ invaginations of the vail of the filament to jneld nev 
cells, each containing a large lounded mass of the daik mateual (figuies 20 and 
22 ) 

The foiegomg desciiption of the seveial patterns m vhich the daik mateual 
vas seen could have been made vith cells tieated vith an}"- one of the fixatives 
emploj’'ed, m othei words, the pattern vas not dependant upon the fixative 
Ceitam differences veie, hovevei, noted Thus, the daik mateual appealed 
darkei and the surroundmg piotoplasm hghtei in cells fixed b}" phosphotungstic 
acid than m cells fixed bj'' foimahn oi osmic acid So shaip vas this contrast 
that phosphotungstic acid seemed a “specific election miciograph stain” foi this 
mateual In the concentiation used, hoveier, phosphotungstic acid made the 
mateual appeal’ so black that fine detail vithin it vas lost The coaise, 
tv isted threads seen in figuie 15 aie very similar to those seen in Giemsa-stained 
oigamsms Fine details notabW the thieadhke stiands 0 1 of a micion vide, 
veie best bi ought out bj' formalin or osmic acid 

It IS of mteiest to compare these electron miciogiaphs with pieviousl}^ pub- 
lished photographs of cells of this same stram of Bactei aides stained v itli Giemsa 
solution (Dienes and Smith, 1943) In the Giemsa prepaiations deepW stained 
granules veie seen vithin the lod-shaped cells and in some of the laige bodies 
In othei large bodies the deeplj'^ stained mateual laj^ in coarse, twisted threads 
or in a large, single mass The patterns of the deepW stained mateual in the 
Giemsa piepaiations were, therefore, assentialb'^ similar to those of the “daik 
mateual” m the election miciographs The mfeience thus seems justified that 
the two methods revealed the same mateual vithm the cells The obseivation 
of this mateual in the unstained cells studied b3'- the election microscope remo\ ed 
the possibility that the patterns seen m the Giemsa preparations v ere artifacts 
of staining The finer gianules and threads iei ealed 113 the much greatei resolu- 
tion of the electron micioscope were, of course, not c isible in the Giemsa piepa- 
iations 
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L-Type Variation 

On solid media this stiain formed large colonies up to 5 mm in diametei, com- 
paiable to colonies of E coli 'V\^len exammed by stamed uet cutout prepaia- 
tions, such colonies iieie found to be composed of ordinaiy laige baciUarx' forms 
(figure 26), veiy feu of ubich boie swellings and, laiely, large lound bodies 
Heie and tbeie between these large colonies verj^ diffeient smallei colomes de- 
1 eloped (figuie 23) These never attamed a diametei gieatei than 1 mm, and 
in stamed pi epai ations they w ere seen to be made up of small i ounded organisms, 
singlj' or in tw isted chains and laige bodies (figures 24 and 25) The very imung 
colonies of this sort lay bui i ow ed in the agai , but latei growth heaped up on the 
suiface of the agai and gave them a “halo” appeaiance These diffeiences be- 
tween the laige and the small colonies have been illustiated in pieviously pub- 
lished photogiaphs (Dienes and Smith, 1944, figuies 7, 9, 10) The elements 
composing the small colonies, then habit of growth into the agai, and then for- 
mation of the distinctive surface halo made them resemble veiy closely the 
colonies foimed by oiganisms of the pleuropneumonia gioup (L oiganisms). 
Thej’' have therefoie been called L-type colomes 

L-tjTie colonies laiel}'' developed on plates moculated w ith cells fiom the legu- 
lai laige bacillaiy colonies or fiom broth cultures m which large bodies had not 
yet foimed I^Tien, how ever, cells from laige baciUaiy colonies w ere tiansfeiied 
to bioth and the cultures allowed to grow until laige bodies de\ eloped in them, 
subcultures to plates then yielded many L colonies as well as laige bacillaiw 
colonies In miciocul tines photographed at hourl}' inteivals, the L-t 3 'pe of 
growdh was seen to deiive from mdividual, hvmg laige bodies Fiiithei, it was 
possible to influence expeiimentallj’’ the tjTie of geimination that took place 
Thus, on plates mcubated at 37 C, the majority of the laige bodies developed 
into laige bacillaij’' cells On plates mcubated at 25 C, the majoiity of the laige 
bodies imderw ent the L-tj^e of geimination (Dienes and Smith, 1944) 

In 01 del to studj^ the germmation of laige bodies bj^ means of the election 
micioscope, bioth cultuies weie mcubated until thej' came to consist pie- 
dommantlj'' of laige bodies, and transfers to new tubes of bioth weiethen made 
After 4 houm’ incubation of the newly moculated tubes, the cells weie spun 
dowm and fixed with foimahn, and screens weie prepared In this waj geimi- 
natmg laige bodies weie obseived As m the microcultures, manj of these ex- 
tended thick filaments destined to dmde mto oidmarj bacillarj cells (figuies 
19, 20, 22) Fiom some of the bodies, however, verj^ fine, toituous filaments 
giewmut These seemed comparable to the laige bodies seen undeigomg L-tj-pe 
geimination m the mici ocultures One such bodj^ is shown m figuie 21 The 

Figure IS Large bodj mth dark material in granules and threads Phosphotungstic 
acid 6,100 X 

Figure 16 Large bodi Idled with dark material m reticulated pattern 15 hours For- 
malin 14,700 X 

Figure 17 A large round mass filling about tw o thirds the i olume of a large bod^ This 
mass contains one prominent large granule but is elsewhere delicateh stippled It seems 
delimited from the surrounding toplasm Formalin 6,100 X 

Figure 18 Another boda like that in figure 17 A large, well delimited mass fills about 
two thirds the volume of the bod\ Osmic acid 6,100 X 
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Ftgure 19 Large bodj with a bumpj , mulbcrr; like contour This change in (lie sur/a 
indicates the beginning of germination Two short, stubbj fiJaments have begun to fiu ' 
out from the bodj at the top of the micrograph Formalin 3,400 X „ ^ 

rtgure20 Another germinating large bodj in which the process is more advanced J 
relativeJj long filaments have Jpushed out from the lower pole of tins bodv , and (tie oo< 
itself has lost the even, round shape E\tensions of the inner dark material have pu ^ 
out into the outgrovnng filaments There is some accordion pleating of (lie lower ‘‘''‘'I' t , 
due to retraction of the parlodion film, shown h} the wa\} line across (hf right side o 
picture Formalin 4,900 X 
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111 uneiils extending fiom it luive a diametei of oiiij 0 3 mitions in coiitiAst to the 
hlaments exlending fiom the othei bodies in figiiies 19, 20, and 22, i\hich have 
diametei-s of 0 7 to 1 niicion Most of the filaments extending fiom the laige 
body of hgnie21 appealed liomogeneoiis, but segi egation of the “daikei” com- 
ponents of the piotoplasm had occuiied in the filament at the uppei left of the 
miciogiaph It vould thus appeal that the gennination of some laige bodies 
to yield oidinaiy laige bacillaiy cells and the geimination of otheis to yield small 
“L type” variants aie essentiallj’- a similai piocess, the difference lying in the 
size of the filaments extended and the size of the cells pioduced 

The L-type colonies of this stiam of Bactcroides hare been carried foi many 
tiansfeis on solid media and liax'^e piesenmd their distinctive chaiacteristics 
Laige colonies composed of the oidinaiy laige bacillaiy cells nevei appealed in 
the tiansplants Piolonged cultivation of the L-t 3 ^pe vaiiant in liquid media, 
hover ei, lesiilted in the reappearance of the laige bacillaiy cells (Dienes, 1948) 
Aftei ser eial years of cultivation m the laboratory, this strain of Bactcroides be- 
came steadilj’’ less pleomoi pliic and lost the pi opei ty of pi oduemg L-type colonies 
Dining this time it rras found that L-tjqie colonies could leadilj’’ be got fiom 
strains of Hemophilus influenzae giorrn on media containing penicillin oi from 
cultuies taken from the iespiratoi 3 '' tiact rrhen penicillin had been giren to 
patients (Dienes ct al , 1948) Foi this reason the Bactcroides stiam rras plated 
on media containing penicillin L-type colonies appeared in great numbeis 
They seemed rrholl 3 '’ to resemble the L-t 3 ^pe colonies that had been produced 
spontaneoiisl 3 '’ during the fiist 3 ’’eais of cultiration of the Bactcroides These 
L-t 3 'pe colonies preseived their characteristics rrhen the 3 '’ rrere tiansferred on 
solid media devoid of penicillin, but leveited to the laige bacillai 3 '- cells rrhen 
they rrere cultivated m bioth (Dienes, 1948) 

Plate cultuies of the L-type colonies induced fiom the Bactcroides by penicillin 
but carried on media free of penicillin rr eie sent us by Dr Dienes In our hands 
they continued to giorr in the L form on transplantation on solid media Prep- 
aiations foi electron micioscop 3 ^ rrere best made b 3 ’- picking up tiny 20-houi 
colonies rr ith a pin and transferiing them to a diop of 2 pei cent osmic acid on the 
electron microscope screen Individual cells could be microgiaphed at the edge 
of the colonies in such preparations Election micrographs of organisms from 
these cultuies are given in figures 27 to 34 

The election micrographs disclosed that the small elements in the L-t 3 ’-pe 
colonies rrere m fact tm 3 '' round and lod-shaped bacteiial cells, averaging 

Figure Zt Large bodj undergoing the L tjpe of germination Instead of thick, baciJ- 
larj filaments, the filaments grorring out from this bodj are narrorr and tortuous Forma 
hn 3,460 X 

Figine S2 Germinating large bodr Si\ filaments have grorrn out from the bodj and 
are still sheathed rrithin the cell rrall of the bodr The dark material in the upper left 
filament is still homogeneous and continuous rnth the dark material that fills the large 
bodr In the filament at the lorrer left, segmentation of the d irk material into t\ro rounded 
masses has occuired In the filament extending out toward the bottom of the micrograph, 
the dark material has pinched off into separate masses, and inr aginations of the cell wall 
of the filament hare occurred around these masses Completion of this inr agination results 
111 the formation of free daughter cells bj simple fission of the filaments Ostnic acid 
17,000 X 
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0 S microns m size (figures 27 and 28) Largei rod-shaped cells, up to 1 5 
microns in length, were also found These bore bulbous enlargements at one 
end (figures 29 and 30) It seemed evident that the large round bodies so prom- 
inent m the vet preparations arose from such swellmg of the cells The large 
bodies seen in the micrographs measured 1 to 3 microns m diameter and masses 
of dark material could be seen within them (figures 31 and 32) Certam of the 
large bodies exliibited protuberances at seveial pomts on their surface that might 
indicate beginning germination (figures 33 and 34) 

The forms seen were thus very similar to those encoimtered m the electron 
micrographs of organisms of the pleuropneumonia gioup (Smith, HiUier, and 
Mudd, 1948) It will also be noted that, though much smaller m size, the shapes 
of these forms mimic the pattern of pleomorphism of the large Bacteroides cells 
After 24 hours of giovdh much autolysis took place and the colomes came to 
consist chiefly of vacuolated large bodies Electron micrographs made at this 
time showed much amorphous material, amid which vere scattered many ex- 
tremely mmute round or elongated objects of about 0 1 micron m size These 
were very opaque to the electron beam, doubtless owmg to the osmic acid used 
to fix the preparations Some resembled rod-shaped cells v ith a dark granule at 
each end, but the micrographs piovided no certain evidence that any of these 
0 1 micron objects were actual organisms 

DISCUSSION 

The electron imciogiaphs confirm the conception of the morphology of the 
132 stram of Bacteroides gained by previous studies with Giemsa-stamed organ- 
isms and show that the mtracellular granules, large masses, and threads are not 
artifacts of staming In addition, much finer granules and thi eads were found m 
the electron micrographs than had been visible with light micrography These 
finer granules were of the order of size of the microsomes descnbed m animal 
cells (Claude and Fullam, 1946) Similar fine granules were seen m the cells of 
the pleuropneumonialike oiganisms described in the preceding paper 

Figure 24 One of the tiny L colonies as seen in a piece of agar cut out of the plate and 
examined under a cover slip coated with methylene blue and “azur II ” It shows deeplj 
stained granules and large round bodies that stain very lightly 1,000 X 

Figure 25 Higher power view of edge of a young L colony before large bodies ha\ e be- 
come numerous It is composed of small round orgamsms, some of n hich appear elongated 
Stained cutout preparation 3,000 X 

Figure 26 Edge of one of the large Bacteroides colomes examined in same way It is 
composed of big bacillary cells of ordinary shape 2,000 X 

Figures 27-6% Electron micrographs of organisms from L type colonies, induced from 
Bacteroides by penicillin This L variant was earned for 15 generations on media free of 
penicillin before cells were prepared for micrography The transplants uniformly showed 
only L-type colomes Osmic acid fixation 
Figure 27 Round cell 16,800 X 

Figure 28 Rod-shaped cell It shows a delicate cell wall 15,600 X 
Figures 29, SO Rod-shaped cells that have begun to enlarge at one end They show tliat 
large round bodies develop from the rod-shaped cells of this L variant of the Bacteroides 
in the same manner seen in the large parent Bacteroides cells and in the orgamsms of the 
pleuropneumoma group Figure 29 is 19,000 X Figure 30 is 14,200 X 
Figure SI Large body wnth two dark masses in its protoplasm 16,000 X 
Figure S2 Large body containing masses of dark material The extreme delicacy of tlie 
surface is apparent in the areas between the dark masses S,400 X 

Figures 33, S4 Large bodies with stubby outpouchmgs indicative of beginmng germina 
tion Figure 33 is 14,700 X Figure 34 is 13,300 X 
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Of paramount interest were the observations of germinating large bodies 
Germmation was observed to proceed by the extrusion of filaments from the 
large bodies The outgrowmg filaments were sheathed with the cell wall of the 
large body and contamed withm them masses of the dark matenal derived from 
the body These filaments segmented by simple fission to yield new daughter 
bacillaiy cells Germination was also observed in which large bodies segmented 
into multiple new daughter cells without marked extrusion of filaments or else 
with extrusion of only stubby filaments 
The swellmg of the bacterial cells to yield large round bodies, much greater in 
size than the original cells, and the germination of these bodies mto multiple 
daughter cells are very closely similar to the mode of reproduction described for 
two strams of pleuropneumoniahke (L) organisms (Smith, HiUier, and Mudd, 
1948) The Bacteroides cells, though much larger than those strains, exhibited 
essentially the same pattern of development 
The thick filaments extruded from Bacteroides large bodies segmented mto 
large bacterial cells, but it was known from previous work that certain of the 
Bacteroides large bodies gave nse to veiy small cells that formed colonies similar 
m appearance to those of pleuropneumoniahke (L) organisms Colonies com 
posed of these small cells have been called "L-type vanants ” Large bodies 
developmg m this way were seen in the electron nucrographs to germinate by 
extrusion of multiple filaments, but m their case the filaments were very much 
thinner Segmentation of such thm filaments by fission obviously results m 
cells of a much smaller size 

Electron micrographs were made of orgamsms from L-type colonies mduccd 
by cultivation of this Bacteroides strain on media contammg penicdlm These 
showed cells much smaller than those of the ordinary Bacteroides but othenvTse 
resemblmg the pattern of pleomorphism exhibited by the large Bacteroides cells 

When the phenomenon of L-type growth was first described, it seemed so ver} 
different from the growth of the large bacillary cells that the relation between 
them was obscure However, as illustrated in the present paper, large bactenal 
cells, though ordmanly dividiiig by simple fission, can also reproduce by 
matron of large bodies followed by multipolar germination of these bodies, nhic 
IS the mode of reproduction distmguishing the pleuropneumonia (L) group 
Secondly, as shown m the precedmg paper, organisms of the pleuropneumonia 
group, though ordmanly reproduemg by means of large bodies, can also grow as 
regular tmy bacillary ceils And, m the case of the Bacteroides exhibiting L-t^c 
vanation, it appeared that large bacillary cells resulted w^hen the segmen mg 
filaments extended from the large bodies were thick, that small L-type cells were 
formed when the filaments were thm The morphological difference between c 
large bacillary cells and the L-type vanants is thus not as great as it ongma > 
appeared It seems essentially a matter of cell size ipuro- 

How do these findmgs bear on the classification of organisms of the p 
pneumonia group? The situation can be summanzed as foUows 
certam strams of L organisms that alway^s grow m the small ce ’ P 
monialike form These are the strams from cattle, goats, and mice, iro - 
and from the human genital tract Then, m addition, there are the L org 
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that arise as variants in cultures of vanous species of bacteria, notably Strepfo- 
bamllns momhformis, Bactcrotdes, E colt, and H influenzae In the case of 
Streptohacillns momhformts and Bacleroides the variation is reversible the L 
vanants have been induced to revert to the original large cell size by transfer 
from solid to liquid media (Dienes, 1939, 1948, Broum and Nunemaker, 1942) 
In the instances of L-type variation observed in othei strains of bacteria, the 
vanation has been irreversible under all conditions thus far studied the L 
variants have contmued to grow in the small cell, L-type form on transfer 
WTiether any of the L-strains from the genital tract or from the vanous animal 
sources originated by such irreversible vanation is not known 

Several j’-ears ago the Bacleroides strain (no 132) employed in the present 
work was sent to Kheneberger In a recent article she expressed general agree- 
ment mth our account of its pleomorphism and stated that the L colomes ap- 
pearing m its cultures were comparable to those of other L strains isolated in her 
laboratory (Klieneberger, 1947) She made the resen’-ation that final decision 
as to whether the L colomes were vanants of the Bacleroides or were symbiotic 
virushke orgamsms associated with it must await demonstration of their bac- 
terial nature and of their reversion to the large Bacleroides cells This evidence 
now seems to have been provided 

In the present studies it has been found that two strains of pleuropneumoma- 
like organisms (L50 and L4330) and a Bacleroides stram that exhibits L-type 
vanation possess a property m common that seems to set them apart from other 
bactena This is the plasticity and fragility of their cell walls The delicacy of 
their walls is apparent from the electron micrographs Further, bactena ex- 
ammed by electron micrography have usually been suspended m distilled water 
for the preparation of the screens This procedure resulted m lysis of most of 
the Bacleroides cells and many of the cells of the two L strams It seems likely 
that the plasticity of the cell wall is a considerable factor m accounting for the 
tendency of these organisms to develop swellmgs and to assume the shape of 
large round bodies 

One of us has pointed out (Mudd, 1944) that “evidence is slowly accumulatmg 
from many sources to mdicate that the specific, pathogenic types of bactena 
represent highly differentiated phases which are characteristically found under 
conditions of active and successful parasitism ” The relative ngidity of the cell 
wall IS unquestionably one factor that makes possible the deviation of ordinary 
bactena from the spheroidal shape vhich the naked protoplast would tend to take 
under the action of surface forces The mmute bacterial cells with plastic cell 
walls that are characteristic of naturally occumng pleuropneumoniahke strains 
it IS tempting to regard as either undifferentiated or dedifferentiated forms, and 
the mmute cells of pleuropneumomalike vanants as dedifferentiated forms that 
have failed to mamtam some essential differentiatmg factor or factors Inci- 
dentally there is much to recommend a similar conception of rough vanants as 
dedifferentiated forms 

The clmical apphcation of L-tjpe vanation cannot be evaluated at present 
There is evidence that the SlreplobaciUus moniliformis exists m the L form m 
certain infected human and animal tissues (Brown and Nunemaker, 1942) 
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This seemed to be the case m the patient from nhom the 0 H strain of Bac- 
termdes was recovered (Dienes and Smith, 1944) The apparent induction of 
L vanants m patients given pemciUm and the resistance of these variants to 
penicillin should be borne m mmd (Dienes et al , 1948) 


StJlUaiARY 


Electron miciographs are presented that show a mode of bacteria] reproduction 
diffenng from that of bmary fission, seen m a large anaerobic bactenum, Bac- 
teroides funduliformis Bulbous enlargements develop in the cells and form large 
round bodies from which midtiple filaments grov out These filaments then 
segment to yield nev cells 

It had previously been noted that certam cultures of this bactenum threw off 
variant colonies nhich lesembled colonies of pleuropneumonialike (L) organisms 
and which were called, for this reason, L-type colomes The minute size of the 
cells of the L variant had made previous estimation of their nature difficult A 
stram of L-t3T)e variant mduced from this Bacieroides by penicillm was examined 
by electron micrography It exhibited cell forms similar to those of the large 
parent bacillus, but smaller m size 

The large Bacieroides, its L vanant, and the organisms of the pleuropneumonia 
like (L) group all have in common the abihty to reproduce by means of large 
round bodies 
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The chicken is an animal of great economic importance and is indely used 
m the assay of certam vitamms, but httle is knoivn about its mtestmal flora 
The first study of the microbial flora of the chicken’s mtestmal tract tvas con- 
ducted by Kem (1897) His mvestigations embraced not only the chicken and 
other gallmaceous birds, but many of the common wild birds Other tv ork on 
the microflora of chickens has been reported bj’- Rahner (1901), King (1905), 
Gage (1911), Menes and Rochim (1929), and Emmel (1930) All of these 
V, orkers agreed that Escherichia coli and Aerobacler aerogenes made up the greatest 
proportion of the mtestmal flora Other types of microorgamsms commonly 
found m the chicken’s mtestmes by these workers were lactobaciUi, micrococci, 
pseudomonads, bacilh, sarcmae, clostndia (m two instances), and yeasts Un- 
fortunately, none of these studies was quantitative, and some were not too exact 
from a qualitative standpomt 

The type of dietary carbohydrate has a marked effect on the mtestmal flora 
of animals Earlj’- studies on the subject are well reviewed by Rettger and 
Cheplm (1921), who presented further evidence concemmg the influence of 
carbohydrate upon the mtestmal microflora Later studies have confirmed and 
enlarged upon these earlier reports (Evenson, 1947) From the standpomt of 
vitamm synthesis, the type of carbohydrate m the diet is an important factor 
Elvehjem and Krehl (1947) have reviewed this subject, hence an account of 
specific reports on the role of carbohydrates upon mtestmal biosynthesis of 
vitamms will be unnecessary Elvehjem and Krehl state, “One might place the 
carbohydrates m the foUovmg decreasmg order m their favorable effect on vi- 
tamm reqmrement dextrin, starch, lactose, glucose, sucrose, although this 
vanes with different vitamms ” 

The work presented m this paper vas earned out over a penod of six months 
m connection with a nutntional mvestigation (Couch et al , 1948) that was per- 
formed to determine the effects of different carbohydrates upon the mtestmal 
s 3 Tithesis of biotm by chickens The microbiological work had as its objective 
the determmation of the influence of vanous carbohydrates upon the numbere 
and kmds of microorganisms m the mtestmal tract 

‘ Published with the approi al of the Director of the Wisconsin \gncultural Experiment 
Station 

’ Supported in part b\ a grant from the Western Condensing Compan\ , San Francisco, 
California 

’Present address Dmsion of Dairj Industrv, Uniiersiti of California, Dans, Cali- 
fornia 
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METHODS 


^nimah The animals employed were Smgle Comb White Leghorn pullets 
which had been reared on the experiment station range Twenty-four pullets 
were placed m individual batteiy laymg cages equipped with raised screen bot- 
toms m order to mimmize coprophagy An all-mash laying ration was fed these 
hens 4 weeks pnor to the start of the experiment The pullets were dnnded into 
BIX groups of four each, and placed on six different diets, five of which were com 
posed of punfied ingredients (Couch et al , 1948) The five synthetic rations 
were numbered B31, B32, B33, B34, and B35 They contained as their sole 
carbohydrate sucrose, dextrin, lactose plus sucrose, sucrose, and whey plus 
sucrose (the weight of the whey was adjusted to give the same percentage of 
lactose as m B33), respectively Ration B34 contamed added biotin and was 
considered nutritionally adequate, the other diets were biotin-deficient The 
sixth group of birds was fed the same all-mash laying ration that they had re 
ceived durmg the pre-expenmental 4-week penod 

Concurrent with the bacteriological work, Couch and collaborators made a 
nutritional study of the pullets They kept an account of the egg production 
and hatchability, the abnormalities of the embryos and hatched chicks, the 
weekly weight gams of the hens, and the biotin content of the yolks and whites 
of some of the eggs produced 

Mtcrobiological determinations Fecal droppmgs for bacteriological analyses 
were collected on large pieces of clean waxed paper which were placed beneath 
the raised screen bottoms As soon as a dropping was deposited upon the 
paper, it was removed with an alcohol-flamed ^atula and put in a stenle wide 
mouthed bottle All fecal samples were collected between the hours of 7 45 


and 9 30 am 

As soon as four to six samples were obtained (usually withm a 0 5-bour penod), 
the feces were prepared for analyses One-half gram of each sample was weighed 
to the nearest nailhgram on a small piece of clean waxed paper and placed m a 
49 5-ml (stenle tap water) 6-ounce dilution bottle containing a balf-mch layer of 
glass beads These imtial 1 100 dilutions were kept on ice for a short time until 
preparations were completed for their microbiological analyses The first 
dilutions were vigorously shaken until all visible clumps were dispersed Sena 
decimal dilutions were then made m stenle tap water up to a 10“® or 10 dilution 

and moculations made mto the foUowmg media (1) 0 5 per cent tryptone, 
per cent yeast extract, 0 5 per cent glucose, 1 5 per cent agar for aerobic p a c 
counts, (2) "Thioglycolate medium” (Baltimore Biological Laboratones) m 
total dilution counts (steamed and cooled pnor to moculation), (3) carroWivc 
extract (“CL”) agar shake tubes (Garey et al , 1941) for an indication of num ic^ 
of lactic acid bactena, (4) “SF” broth of Hajna and Perry (1943) for ddu i 
counts of enterococci, (5) Difco eosm methylene blue agar ( EMB ) or co i 
plate counts, and (6) potato-glucose agar acidified to ^ 5 wth citnc 
(accordmg to Standard Methods for the Examination of Dairly 
for the enumeration of yeasts Cultures prepared with media (1), (2), (,<ih 
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(5) -were incubated at 37 C, those with medium (4) were mcubated at 45 C, and 
medium (6) cultures were incubated at room temperature Cultures prepared 
with media (3) and (4) were incubated for 3 days, those with medium (6) for 5 
days, and cultures made with other media were incubated for 2 days before 
counts were made Five tubes per dilution were used for all dilution counts, 
and the most probable numbers of organisms in these samples were determmed 
from the table m Standard Methods for the Examination of Water and Sewage 
(1946) All plates and shake tubes were run in duphcate Diy weight deter- 
minations were made of each sample so that the final count could be expressed 
on a dry weight basis, this eliminated some of the vanations encountered 

Occasional gram stams were made from smears of the 1 100 dilution and ex- 
ammed No direct counts were made, however, smce it was felt that such 
counts would contnbute little to the objective of this investigation 

At the conclusion of the 6-month nutntional study it was possible to sacrifice 
the ammals m order to obtam information on the distnbution of the microorgan- 
isms withm different segments of the intestinal tract Two hens from each 
ration group were sacrificed by decapitation, and a postenor ventral incision was 
made so that the entire mtestinal tract could be laid out Representative 

0 5-g samples were removed from the duodenum (a mixture of ascendmg and 
descending loops), deum (from the middle 6 mches), cecal pouches, and colon 
These samples were handled m the maimer already descnbed for fecal droppings, 
except that dry weight determmations were not made because many of the 
samples were msufficient m amount for such a purpose after the aliquot for 
microbiological procedures had been obtamed 

Statistical analysis Because of extreme variation in the results secured, the 
data on fecal droppmg counts were analyzed statistically accordmg to Snedecor 
(1946) and Tome (1948) The data secured from samples taken at different 
levels of the mtestinal tract were beheved madequate for statistical treatment 

For convenience m handlmg each mdividual count was converted to its reflec- 
tive loganthm to the base 10 (the mantissa was earned out to the second place) 
An analysis of vanance for counts obtamed on each medium was made, and the 
F value was determmed Since the coliform flora of hens on ration B31 was so 
obviously different from that of hens on the other five rations, EMB counts of 
feces from these four pullets were omitted from the analysis of vanance in order 
to allow a more vahd test of significance between such counts from hens on the 
remammg rations The followmg statistics v ere then calculated (1) anthmetic 
mean {£), (2) standard deviation (s), (3) standard error of the mean (sj), (4) 
coefficient of vanation (C V), and (5) least significant difference (LSD) where 
the F value was significant at the 1 or 5 per cent level of probability 

In plottmg the data graphically, it was decided to use modal values of fecal 

•* Note that all statistics are computed from logarithms, hence their antilogarithms will 
not be exactly similar to like statistics calculated from natural numbers of individual 
microbial counts However, this more convenient method will result in comparable values, 

1 e , the change will be proportionate (Tome, 1948) 
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counts rather than arithmetic means It was believed that modes would me 

a more representative picture for comparative purposes since extreme values 
would be eliminated 


BESITLTS 

FeMl droppings The enumerative results of this portion of the experiment 
may be seen in table 1 and figure 1 Note the similarity of the agar plate and 
Brewer’s dilution counts on feces of birds on the sue rations Differences m 
fecal counts between hens on the vanous diets appear to be most prominent in 
carrot-liver agar shake (CL), SF dilution, eosm methylene blue agar plate 
(JSMB), and yeast counts The two lactose-containmg diets (B33 and B35) 
appear to stimulate the development of lactic acid and coliform bacteria as 
mdicated by their CL and EMB counts Ration B31, which contamed sucrose 
as its sole carbohydrate, was very depressmg to coliforms Enterococci ap 
peared to be favored most by the gram and B35 rations Dextrm (ration B32) 
favored mtestinal cohforms but was somewhat depressmg to 3 ’’easts 

Analyses of variance for the counts on feces of hens made mth the six media 
mdicate that differences between coimts from birds on the six rations (five for 
cohforms) are highly significant (the probabdity, P, of assuming a significant 
difference is 0 01 or greater, or, 1 100) m the case of CL, SF, and yeast counts, 
the differences were only significant (P = 0 05) for fecal counts of cohform organ 
isms Examination of table 2 reveals a high degree of vanation between in- 
dividual counts m any one ration group (within rations vanation) for coliform 
detenmnations, as mdicated by the high value ( 246) for s Also, the C V for 
coliforms is very high (55 09 per cent), which would tend to throw some doubt 
upon the validity of the EMB P value TheremammgC V values were fairly 
similar, Sj values were comparable except m the case of coliform counts 
From results of LSD calculations, CL counts on feces from hens on rations 
B33 and B35 were highly significantly different from the rest, but not from 
each other, no significant difference was found to exist between the four low- 
count CL enumerations Enterococcus counts revealed two rations which 
yielded droppmgs of comparatively high counts B35 and gram Feca! SF 
counts from hens on these two rations were not significantly different from eac 
other or from samples of B34-fed hens However, they were highly signi i- 
cantly different from SF counts on feces of hens on ration B31, and significant j 
different from B32- and B33-fed puUets The LSD of SF counts betw een rations 
B31 and B34 was significant, but not between B32- and B34-fed birds D^i c 
the wide differences shown m fecal coliform counts, the P value xxas si^i can 
onty at the 5 per cent level of probability Since EMB counts of samp es rom 
fed ration B31 were left out of the analysis of xanance for ew'o™"’ 
LSD’s between B31-fed chickens and any of the other ration groups could no 
calculated However, its difference of greater than 2 5 loganthms from o ne 

lowest group (gram) would mdicate that these counts differ highly signihcan j 
from cohform counts obtamed from hens on any one of the other fn edicts ro^ 
of the LSD oi’s for cohforms ranged from 2 2 to 2 3 loganthm imifs c 
high-count coliform groups (B32 and B33) gave an LSD xalue uhic va 
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TABLE 1 


Summary of microbial counts of fecal droppings from hens 


UEDimi 

BATION 

AVERAGE 

MODE 

NO OF SAMPLES 

CL 

B31 

(10‘)* 

6,675 0 

(10=) 

4,160 0 

18 


B32 

3,684 0 

3,199 7 

17 


B33 


128,777 0 

13 


B34 

2,936 6 

2,548 5 

17 


B35 

62,225 8 

49,084 0 

13 


Gram 

1 

6,504 6 

3,134 3 

17 

Brewer’s dilutions 

B31 

(10*) 

2,573 0 

(10») 

1,550 8 

16 


B32 

1,559 2 

2,012 4 

16 


B33 

1,453 1 

929 5 

12 


B34 

1,603 2 

897 7 

15 


B35 

4,812 7 

1,604 0 

11 


Gram 

1,395 4 

1,138 4 

18 

SF 

B31 

(10*) 

107 1 

(10*) 

123 5 

7 


B32 

534 7 

293 6 

8 


B33 

819 2 

561 7 i 

7 


B34 

1,747 9 

787 6 

9 


B35 

6,758 4 

2,651 5 

7 


Gram 

4,348 6 

2,469 3 

8 

Agar plate 

B31 

(105) 

4,082 1 

(105) 

1,875 0 

20 


B32 

2,331 0 

2,003 0 

18 


B33 

2,287 6 

1,873 7 

14 


B34 


2,532 8 

17 


B35 


3,042 1 

13 


Grain 


5,159 0 

19 

EMB 

B31 

(10*) 

0 06 

(10*) 

0 01 

20 


B32 

4,078 4 

1,210 2 

IS 


B33 

2,592 1 

839 9 

14 


B34 

1,328 0 

6 5 

17 


B35 

397 6 

64 8 

12 


Grain 

78 9 

3 5 

IS 

Acidified potato-glu- 
cose agar 

B31 

(10’) 

2,785 0 

(10=) 

2,785 0 

7 


B32 

' 382 8 

16 6 

7 


B33 

3,994 4 

3,163 1 

6 


B34 

4,896 0 

3,847 0 

7 


B35 

5,160 5 

3,386 6 

6 


Grain 

99 7 

169 0 

7 


* All counts are expressed m numbers per gram of drj weight, the ax erage moisture con- 
tent -nas about SO per cent 
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signiEc&nt Neither B32- nor B33-fed birds yielded fecal droppings which were 
found to differ significantly in numbers of coliforms from those of chickens fed 




Ftffure 1 Fecal counts (modal values) from hens on various rations 


B35, but their B5'Z>’s were significant when compared i^enceJ^n 

following compansons resulted in the findi^ of no sign 
numbezlof fecal cobforms B34 and gram, B36 and gram, and M4 
The gram and B33 rations a ere found to be least stimulatory to gr 
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yeasts LSD calculations revealed that the difference between yeast counts of 
feces from hens fed the latter diets was not significant, and that fecal yeast counts 
on hens fed rations B31, B33, B34, and B35 were not significantly different from 
one another However, the feces of chickens on any of the latter four rations 
had average yeast counts which differed sigmficantly from those fed B32 or gram 
DiflSculty was encountered m isolation of lactobacilh from the fecal samples, 
but enterococci could be isolated with ease from CL shakes and SF dilution tubes 
Numerous gram stains of representative colonies appearing in CL tubes re- 
vealed cells morphologically similar to lactobacilli along ivith large cocci There- 

fore, it was believed that CL counts, particularly at the higher dilutions, rep- 


TABLE 2 

Summary of statistical analyses of enumerative data from fecal droppings 
of hens on various rations 


KATION 

TYPE OP COUNT 


Cohforms 

1 Yeasts 

Agar plate 

Brewer’s 

Enterococci 

CL agar shakes 

B31 



8 10 

8 78 

5 76 

9 35 

B32 



8 06 

8 97 

5 96 

9 33 

B33 



7 88 

8 59 

6 16 

10 58 

B34 

3 39 

6 49 

7 97 

8 71 

6 66 

9 03 

B35 

4 74 

6 55 

8 33 

9 06 

7 42 

10 21 

Gram 

3 56 

4 40 

8 30 

8 44 

7 07 

9 33 

STAUSnCS* 







X 

4 46 

5 61 

8 11 

8 75 

6 51 

9 58 

s 

2 46 

1 02 

0 73 

0 84 

0 88 

0 86 

Si 

0 28 

0 16 

0 07 

0 09 

0 13 

0 09 

C V 

55 09% 

18 20% 

8 94% 

9 64% 

13 57% 

8 99% 

F 

2 725* 

9 404** 

' 0 944 

1 124 

4 040** 

7 095** 


* Average logarithm of the logarithm for each individual count 

^ X = arithmetic mean, s = standard deviation, sj = standard error of the mean, C V 
= coeficient of variation, F ~ F value (*-F significant at the 5 per cent point, **-F sig- 
nificant at the 1 per cent point) 

resented a fairly accurate enumeration of lactic-acid-producmg bacteria in the 
feces When colonies appearmg in such shake tubes were picked and trans- 
ferred mto CL broth, the gram-positive, rod-shaped bactena rarely “came up” 
after mcubation for as long as one week at 37 C The cocci grew m nearly all 
cases The few lactobaciUi which were isolated were anaerobic to microaero- 
philic, and reduced litmus, produced acid, and coagulated skim milk withm 24 
to 36 hours at 37 C Because of the difficulty m isolating and mamtammg these 
lactobacilh, no further study was made of them The enterococci were not 
studied to any great extent, but those encountered in the feces of young chicks 
have been partially characterized and found to be Streptococcus faecalts (Johans- 
son and Sarles, 1948) 

Coliform bactena appeared to be predommately of the E coli and inter- 















TABLE 3 
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mediate types, only an occasional typical A aerogenes colony was observed on 
EMB plates from any fecal sample 



CO 

CE I 

s 

Q 

CE I 

D CO 

CE 


RATION B34 


B3S 


GRAIN 



CO CC I D CO CE I D CO CE I D 


KEY 

CL SHAKE 

BREWEFfS 

AGAR PLATE 

SP 

EMB 

YEASTS 

CO COLON CE CECUM 
I ILEUM D DUODENUM 

Figure 2 Intestinal flora at different levels from hens on various rations 

Seventy yeast cultures were isolated from the acidified potato-glucose agar 
plates All grew well at 37 C, 14 produced a coral red pigment, 13 fermented 
dextnn, and 2 fermented lactose However, those isolates able to ferment 
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lactose or de^rtrin did not necessairly come from fecal samplesof birds consummc 
a lactose or dextnn diet ^ 

It IS behoved that Brewer’s dilution counts gave a fair mdication of the an 
aerobic flora in fecal samples Frequently, some of the highest dilution tubes 
evi enced groivtli indicative of a pure culture Pleomorphic, gram-positne 
rods were isolated from such tubes but grew with difficulty and soon nere lost 
Intestinal contents Inspection of table 3 and figure 2 reveals an over-all in 
crease in numbers of bacteria from the duodenum to the colon, and pomts to the 
cecum as the seat of the greatest concentration of microorgamsms In eieiy 
case, CL counts reached a peak m the cecum and abruptly decreased between the 
cecum and duodenum A difference m CL counts of mtestinal contents between 
the lactose-fed hens and those from hens on the other rations was not apparent 
despite the fact that marked differences had been noted in the fecal droppings 
from these birds However, on the basis of two samples for each ration, a dif 
ference is difficult to show, and might not be statistically significant even if it 
appeared to be obvious Brewer’s dilution counts paralleled CL counts at a 
lower level except m birds fed B32, m them Brewer’s counts were sbghtly higher 
than CL counts 

Enterococcus counts were not obtamed from hens on rations B33 and B31 
because of meubator troubles Only m birds on diet B31 was there a staking 
drop in numbers of enterococci from the colon to the duodenum This decrease 
IS but shght m the tract of hens fed B32, birds on B35 or gram showed no such 
decrease Agar plate counts generally followed those obtained with CL and 
Brewer’s media, but at a lower level, and with less differences between segments 
of the tract 

Coliforms mcreased m numbers gomg down the intestmal tract (from the 
duodenum to the cecum) except m hens on the “complete” synthetic ration 
(B34), m these birds coliforms were present in almost as great numbers in the 
duodenum as in the cecum, but the total numbers were comparatively low bo 
coliforms were detected m the duodenum of hens on B31, nor m the colon, ileum, 
or duodenum of hens on gram Hens on dextnn (B32) mamtamed the richest 
flora of cohfoims at all levels, whereas B31- and gram-fed birds possessed meager 
populations of these organisms 

Yeasts were found at all levels of the mtestinal tract of hens on each ra ion 
Only a very shght mcrease was found m samples from the duodenum to c 
colon It is mterestmg to observe that pullets fed the dextnn ration ha con 
siderably more yeasts m their mtestmes than were found m fecal 
pies Only m hens fed 4he all-mash diet did yeast counts drop below 10 P 

gram at any level 


DISCUSSION 

Fecal droppings Several differences between the fecal flora of hens ^ 
rations might be considered important (1) the extremely 
forms m samples from hens on the sucrose-contammg ration B31, (2; - 

tively low numbers of yeasts m droppmgs from birds on the dextrin ration i 
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and (3) the very high carrot-hver extract agar shake tube counts on fecal samples 
of pullets on rations B33 (lactose + sucrose) and B35 (whey + sucrose) Other 
differences were statistically significant, eg, enterococcus counts and those 
between cohform counts of hens on rations other than B31 (sucrose) 

The factor which mterfered most with this study was that of variation be- 
tween mdmdual counts from hens on any one ration, even between counts from 
the same hen from week to week the vanation was considerable For example, 
the lowest cohform count obtamed from hens on ration B32 was less than 100 
per gram, whereas the highest was 49,200 X 10^ per gram, dry weight (average 
= 4,078 4 X 10^, mode = 1,210 2 X 10*) Thus, statistical treatment of these 
data was necessary The reason for such extreme vanation is not known At 
first it was believed that differences in water content of the fecal samples nught 
mcrease the vanation, hence all counts were expressed on the dry weight basis 
This reduced the variation somewhat A further step was mstituted, and coimts 
were determmed on the basis of the dry organic matter content of the samples 
This failed to alter appreciably the vanation A more likely explanation hes m 
the source of the fecal droppmg taken for analysis Cecal pouch contents are 
usually evacuated m the mommg shortly after sunnse, and m the evenmg 
shortly before sunset Therefore, a cecal droppmg, which has a charactenstic 
appearance, M^as not uncommon at the time of collectmg (around 8 00 aju ) 
The cecum appears to be the site of the greatest concentration of mtestmal 
microorganisms Therefore, a cecal sample, or a mixed cecal sample, would be 
expected to deviate m its microbial content from that of a usual colon sample 
It IS questionable that this can account for all of the vanation observed Other 
factors probably are mvolved, e g , the time of day, time elapsed smce last feed- 
mg, mdividual vanation between birds under identical conditions, and experi- 
mental error 

Least significant differences, which were calculated only from counts on those 
media showmg sigmficant F values, give an mdication as to the degree of sig- 
nificant difference that can be detected with the vanous media employed For 
mstance, at the 5 per cent pomt, the difference m coliform counts between 
samples from hens fed the six diets had to be approximately log 1 8 (nearly a 
100-fold difference) to be considered significant It was found, thus, that unless 
a difference is anywhere from 8-foId (for CL coimts) to 100-fold (for EMB 
counts), it cannot be detected by the methods employed m this study 

The manner m which the data for fecal droppmgs were handled does not 
permit an inspection for trends Only one defimte trend was observed a gradual 
mcrease m numbers of yeasts m feces from hens on ration B32 (dextrm) at the 
close of the study At one pomt durmg this mcrease a tremendous development 
of red-pigmented yeasts was noticed, almost to the exclusion of the more common 
white varieties However, the predommance of pigmented yeasts soon subsided 
to a pomt at which their occurrence was more sporadic, as found m the other 
samples, but the yeast flora of these dextrm-fed hens then remamed at the 
higher level (note the high level of yeasts m the vanous levels of the tracts of 
these birds) 
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The re^ts of Couch ei al (1948) suggested that the only birds recemng 
si^cient biotm, either by ingestion or biosynthesis, were those on rations B32, 
ii64, and gram Therefore, it must be concluded that the carbohydrate, dcxtnni 
^ert^ a pronounced stunulatory effect upon microbial synthesis of biotin' 
The dextrm-fed hens possessed veiy high numbers of coMonn organisms in 
them fecal droppmgs, cohfonns are notably good biotin synthesizers (Land) 
and Dicken 1941, Tandy et al , 1942, Thompson, 1942, Burkholder and Mc- 
Veigh, 1942) Also, these chickens were found to have relatively small numbers 
of fecal lactic acid bacteria, which are known to have high requirements for B 
vitamms One might therefore conclude that dextrm encouraged the develop 
ment of a biotm-synthesizing intestinal flora and discouraged the proliferation of 
a biotin-utihzing flora 

The stimulatory nature of dextrm on the synthesis of B vitanuns in other 
animals is well knoivn, but sucrose and lactose have usually been found to be 
of no particular value m estabhshmg a vitamm-synthesizmg flora in various 
experimental animals on punfied rations (Elvehjem and Krehl, 1 947) Hens fed 
lactose (B33) or whey (B35) also had a neb fecal cohform flora However, they 
were found also to have large numbers of lactic acid bactena A competitue 
microbial equilibrium for biotm might have existed m these hens In the case 
of whey, the mmerals as well as lactose might have exerted some mfluence upon 
biotm-synthesizmg bactena (Darnel and Harvey, 1947) Sucrose was ex- 
tremely depressmg to cohform organisms, the majonty of detenmnations re 
suited m the findmg of fewer than 100 cohforms per gram in fecal droppings from 
these hens It is difficult to understand w hy sucrose-fermenting coliforms such 
as A aerogenes and E coh var commumor did not estabhsh themselves m thcsC 
birds 

Pullets on the gram and B34 rations appeared to have a more balanced fecal 
flora, 1 e , no one group of microorgamsms was stnkmgly high or low m number 
There is already fair evidence of biotm synthesis in animals (McElro) an 
Jukes, 1940, Wegner et al , 1941, Nielsen el al , 1942, Mitchell and Isbell, 1942, 
hlcGregor et al , 1947), and m humans (Gardner el al , 1943, 1945, 1940, 

1942) It can beassumed, then, that thehens on the punfied biotin-deficient ic 

contammg dextrm as the sole carbohydrate were able to synthesize and as 
similate adequate amounts of biotm, the source of such biotm is apparent ) 
from metabohe activities of mtestinal microorganisms, perhaps those belonging 
to the coliform group 

One unknown quantity is that of stram difference among biotin-?)'!) os'Zi 
microorganisms Chickens kept on the two lactose-containing diets 
had few strams of coliforms able to synthesize appreciable amounts o 
Chemical and biological antagomsms should be considered also when eialua i g 
the over-all influence of the mtestmal flora on the nutrition of the host 
The carrot-liver extract agar of Garey el al (1941) w as by no means se e 
However, lactic acid bactena were present in such large numbers ttiat, ’ 
a lactic count was obtamed as the result of dilution The difficu t\ m i? 
of lactobacilh might be mdicative of large number^ of the anaerobic tvpe. 
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bacillus Infidus It is not known whether the Brewer’s medium dilution counts 
mdicated actual numbers of anaerobic bactena m the samples except that 
anaerobes could be isolated from this medium Agar plates mcubated aero- 
bically also provided little qualitative information, colomesof sarcinae, micro- 
cocci, actmomycetes, bacilli, coliforms, and other types of microorganisms 
were encountered, it is doubtful that lactobacilli developed in these plates as 
prepared 

Intestinal contents A brief survey of these data reveals increasingly greater 
numbers of mtestmal nucroorgamsms from the duodenum to the cecum with a 
shght decrease from the latter segment to the colon This agrees with the early 
work on the mtestmal flora of chickens and other birds (Rahner, 1901, King, 
1905, Gage, 1911) 

The duodenum of all hens studied contamed very few coliform orgamsms 
In hens on rations B31 or gram no cohforms were found m the 10~^ dilution of 
duodenum contents (recorded as zero) Yeasts were found m relatively large 
numbers m the duodenum of all birds except those consummg the gram mash, 
and mcreased the least of any of the organisms mvolved m this study from the 
duodenum to the colon Enterococci also were encountered m relatively high 
numbers m the duodenum, these results agree to some extent i\uth those of 
Kendall and Haner (1924), who claimed that Micrococcus ovalis {Streptococcus 
faecalis) is present m the largest numbers m the duodenum of the human mtes- 
tme Agar plate. Brewer’s dilution, and CL counts mdicated approximately 
the same concentration of microorganisms m the duodenum 

The flora of the ileum was very similar to that of the duodenum except that 
it appeared to contain shghtly greater numbers of bactena No cohforms were 
found m the ileum of hens on the gram diet 

Colon counts were somewhat lower than cecal counts and shghtly higher than 
ileum counts The importance of the colon in the chicken m relation to mtes- 
tmal synthesis is uncertam It is a very small segment of the mtestmal tract 
wherem fecal material resides for but a bnef time before evacuation Vitamms 
elaborated m this segment may be very mcompletely absorbed by the host 
before bemg passed out of the tract On the other hand, the cecum, which m 
the avian species has two large lobes, is a reservoir which is emptied usually 
twice a day, it may thus be of great importance m the synthesis and absorption 
of biotm as well as other B vitamms Cecal counts were found to be the highest 
of any segment of the tract in this work This is particularl 5 ’’ true m the case of 
CL, Brewer’s dilution, and cohform counts Cohforms were found only m the 
ceca of birds on gram The latter findmg may have a bearmg on the role of the 
cecum m mtestmal synthesis because of the abihty of cohforms to synthesize a 
wide variety of B vitamms, mcludmg biotm 

Birds on diet B32 (dextrm) generally had the greatest numbers of micro- 
organisms at all levels of the mtestmal tract as well as the least "spread” between 
the different counts The latter might be indicative of a more heterogeneous 
flora m these birds 

It was hoped that the study of the microflora at different levels of the mtestmes 
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of these hens would yield results that might lend themselves, in part at least 
to an explanation of the findmgs of the biocheimsts (Couch et al , 1948) It is 
believed that the high concentration of bactena m the cecum points to this organ 
as the focus of intestmal B vitamm synthesis, and we might assume that biotm 
was synthesized m the ceca of hens on the dextrm-contaming ration Several 
good studies on the rat mdicate, in fact, that the cecum is the site of the greatest 
synthesis of B vitamins Guerrant et al , 1935, Mitchell and Isbell, 1942, Taylor 
et al , 1942, Day et al , 1943, McGregor et al , 1947 The mgemous method of 
Mitchell and Isbell revealed the rat’s cecum to absorb the greatest proportion 
of the various B vitamms synthesized therem by bactena Is the chicken 
sunilar to the rat m this respect? 

Digestive enz3Tnes might be mtimately concerned with the stimulatory nature 
of dextrm and the depressmg effect of sucrose and lactose toward biosynthesis of 
vitamins Dextrm may be mcompletely attacked by digestive enzymes, thus 
penmttmg a residual amount of fermentable carbohydrate to reach the cecum, 
this carbohydrate may be vital for vigorous vitamm synthesis Sucrose and lac 
tose, which are relatively soluble disacchandes, may be completely assimilated 
by the time penstalsis brmgs the mgesta mto the cecum, and the consequent 
lack of carbohydrate may decrease the vitamin-synthesizmg activities of cecal 
organisms 


SUMMARY AND CONCLUSIONS 

The type of dietary carbohydrate was found to influence the microflora of 
fecal droppmgs from laying pullets ingestmg a punfled biotin-deficient ration 
Dextrm was found to stimulate the development of considerable numbers of 
cohform bactena Lactose-containing diets likewise encouraged a fecal coliform 
flora, but lactic acid bactena proliferated extensively m the mtestmes of hens 
fed such a diet The most marked effect noted m case of the sucrose diet was a 
depressmg action on fecal coliforms 

In general, mtestmal microorganisms were found to mcrease m numbers from 
the duodenum to the cecum, yeasts and enterococci increased the least Birds 
on the dextnn-contammg diet appeared to have the greatest numbers^of micro 
organisms at all levels of the mtestmal tract as well as the least “spread between 
the different counts The cecum was found to be the site of the greatest con 
centration of mtestmal microorgamsms 

An analysis of vanance was successfully apphed to the data from fecal 
samples This revealed the presence of certain differences that were u cr 
detected by least significant difference calculations 
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Etmeria teneUa, a protozoan parasite belonging to the class Sporozoa, is the 
etiological agent of cecal coccidiosis of chickens This organism goes through 
a typical sporozoan hfe cycle and, with the exception ofsporulation of the oocyst, 
aU stages occur withm the host’s mtestinal tract Invasion of the mtestmal 
epithelium by sporozoites and merozoites results m considerable tissue destruc- 
tion and, m acute cases, severe hemorrhagmg by the fifth day of infection, at 
which time mortahty among the hosts reaches a peak 

It has been known for some time that under certam poorly defined conditions 
mtestmal bacteria of the chicken may mvade the tissues and set up local infec- 
tions m the hver, spleen, and other organs Morse (1908) frequently found 
“Bacterium aerogenes,” “B coli," “B proteus,” and “Bacillus pyocyaneus” m 
vanous organs of chickens which had succumbed to “white diarrhea ’’ Hadley 
(1909) found bactenal mvasion of the viscera m chickens mfected with Coccidium 
cuntculi This bactenal mvasion was studied further by Fantham (1910), who 
employed coccidia-mfected wild grouse He explamed that the sporozoites and 
merozoites act “as moculatmg needles,” permittmg mjunous bactena to pass 
mto the tissue of the gut, “whence, by way of the blood and lymph, they can 
reach other organs ” Many other workers have reported similar results, which 
are well reviewed and discussed by Ott (1937) The latter isolated Escherichia 
coll, Staphylococcus albus, Salmonella pullorum, and an imidentified coccus from 
the hvers of 36 out of 46 one-year-old White Leghorn hens mfected with Eimena 
ienella Ott found little evidence of bactenal mvasion m normal, E tenella- 
free chickens By feedmg broth cultures of E coli to mfected hens, he was able 
to mcrease the percentage of hvers mfected with this bactenum Ott concluded 
that there is some relationship between cecal bactena and cecal coccidiosis 

Recently, Mann (1947) reported considerable success m stampmg out cecal 
coccidiosis by mcreasmg the carbohydrate and reducmg the protem and roughage 
components m the ration He believed that roughage “caused sufficient damage 
to the mucosa to pave the nay for coccidial mvasion ” He also thought that 
the presence of roughage stimulated the activity of certam mtestmal bactena, 
which assisted coccidial mvasion Mann (1945o,6) previously found that 
roughage and protem stimulated proliferation of anaerobic mtestmal bactena, 

’ Published with the approval of the Director of the Wisconsin Agricultural Experiment 
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particularly those resembling Closlndtum perfnngens Therefore, Mann con 
eluded that a particular type of cecal bactenal flora seems to be necessary for 
the development of E ienella m chickens Also, as pointed out by Mann (1947), 
the successful use of sulfonamides m alleviating the course of coccidiosis in 
chickens might mdicate action of the drug upon associated bactena as nell as 
upon coccidia 

Although many workers have shown that cecal bactena may play an actno 
part m promotmg the mcidence and seventy of cecal coccidiosis in chickens, 
no extensive study has been made of the kinds and numbers of microorganisms 
found m the cecum dunng infection with E tenella It was thought that such 
a study might contnbute to our knowledge of the etiology of cecal coccidiosis 


TABLE 1 

Composition of synthetic diet fed chicks infected with cecal coccidiosis {Cravens, 191,1) 


Sucrose 

Casein (alcohol extracted) 

Gelatin 

Ct% 

18 

5 

K 

Salts IV 

5 

Soybean oil 

1 

Fish oil (2000 A, 400 D) 

4 iiig/1'’S 

Thiamine HCl 

c 

Riboflavin 

60 

Nicotinic acid 

15 

Ca -pantothenate 

4 

Pyridoxine HCI 

3 

Alpha tocopherol 

0 02 

Biotin 

0 2 

2-MethyM,4-naphthoquinone 

0 15% 

Choline 

Liver L 

2 


methods 

Animals A pure Ime stram of Eimerta 
by Professor C A Hemck of the Zoology and Vetenn^j infection 

of this university, was used m infectmg the chic Comb 

used was that of Edgar and Hemck (19M) ^lere employed m this 

White Leghorn (female) X New Hampshire (male) f infection 

mvestigatmn They were usually off feed for ° manh (Halpm 

with approximately 10,000 sporulated oocys s 2-wcek penod 

et al , 1944) was fed the chicks du^g Jotds one vas continued on 

After infection the chicks were divided mto gr ^^ntjonally adequate 

tte same gsam mash, and the other was placed on a nutnfo 

synthetic ration (table 1) ^ x r on, mats were picked at random 

Microlnologicdl determinations Two to ’ ^3 J^uld be obtained 

just pnor to infection and killed so that 

The samples were prepared for J>actena s u y ^enment, only four tjT” 

for laying hens (Johansson et al , 1948) In the farst expen 



1948] 


BACTERIAL POPULATION CHANGES IN CHICKENS 


637 


of cultures -were prepared carrot-liver extract (“CL”) agar shake tubes (Garey 
et al , 1941), aerobic agar plates (Johansson et al , 1948), Difco eosm methylene 
blue agar plates (“ERIE”), and Hajna and Perry’s (1943) “SF” medium (dilution 
counts) In the second experiment the following deterrmnations were made 
CL agar shake tube counts, aerobic agar plate counts on Baltimore Biological 
Laboratory’s “fluid thioglycolate” medium with 1 3 per cent agar added, plate 
counts m the latter medium mcubated anaerobically m an atmosphere of hydro- 
gen, ER4B agar plates, and total spore counts Spore counts were made by heat- 
shockmg the uutial 1 100 dilution (after moculations had been made m the other 
media) at 80 C for from 10 to 11 minutes and moculatmg tap water dilutions of 
this matenal mto the followmg media typtone yeast extract glucose agar (Johans- 
son et al , 1948) plates, “thioglycolate medium” (Baltimore Biological Labora- 
tory) plates With 1 3 per cent added agar, and shake tubes of the latter medium 
Thioglycolate agar plates were incubated anaerobically m hydrogen, and the 
other plates and tubes were mcubated aerobically All cultures were mcubated 
at 37 C except SF dilution counts, which were mcubated at 45 C Spore plates 
and tubes were mcubated only 24 hours because longer mcubation resulted m 
spreadmg growth of some of the aerobic sporeformers, which obscured many of 
the smaller colomes CL shake cultures and SF dilution tubes were held 72 hours 
m the mcubator, and all other cultures were mcubated for 48 hours before mak- 
mg counts Shake and plate cultures were run m duphcate and 5 tubes per 
dilution were used m makmg SF dilution counts Most probable numbers of 
the latter were calculated from the table m Standard Methods for the Examinatxon 
of Water and Sewage (1946) 

In the first experiment on infected chicks each of the three tnals was followed 
through to the sixth day of infection Four chicks at a time were taken from 
each ration just before infection, and on the second, fourth, and sixth day of 
mfection, for bacterial counts on the cecal pouch contents In the second expen- 
ment cecal samples were taken from each of three or four chicks at the time of 
coccidial mfection, and agam on the third and fifth day after mfection How- 
ever, each trial imtiated durmg the second experiment was not followed through 
because of scheduhng difficulties, i e , the first tnal might be represented by 
samples at 0, 3, and 5 days, while samples from the next tnal might have been 
taken only on the fifth day of mfection Occasional samples were taken from 
uninfected chicks between the ages of 16 and 20 days that were mamtamed on 
both gram and synthetic rations m order to detect any changes that might 
occur naturally with advance m age of the chicks AH counts are expressed as 
the number of bacteria per gram of cecal contents, usually the samples were too 
small to permit diy weight determmations 

Isolation and charactenzation of enterococci and anaerobes were attempted 
durmg the second experiment Enterococci were isolated from SF dilution 
tubes by platmg out m tryptone yeast extract glucose agar containing 6 5 per 
cent NaCl and mcubated at 37 C for 3 days Colomes were picked from the 
salt agar plates and kept on slants of the agar (without NaCl) for further study 
The action of these isolates on blood was determmed m Difco blood agar base 
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containing o per cent bovine blood Their abihty to hquefy gelatin v as deter- 
mined by stab inoculation into 10 per cent Difco gelatinand incubation at 37 C 
mential anaerobes were isolated from anaerobic thioglycolate agar plate, 
(both spore and nonspore plates), and sometimes from CL agar shakes that 
evidenced excessive gassmg Isolation was accomplished m freshly steamed 
thioglycolate medium” contaimng excess CaCO,, isolates ivere then incubated 
at 37 C until adequate groivth occurred Each isolate ivas subsequently plated 
out by loop dilution m thioglycolate agar and meubated anaerobically for from 
24 to 48 hours A smgle, well-isolated colony was then picked into the modified 
Brewer s thiogl 3 ''colate medium, meubated at 37 C until growth reached a 
max im u m , and put away m the icebox for future study Some of these cultures 
were anaerobic or microaerophihc, gram-positive cocci or rods which produced 
bttle or no gas m Brewer’s medium These cultures were studied further bi 
cultivation on tiyptone liver extract glucose agar slants incubated both aero 
bicall 5 ’ and anaerobically, then action on htmus milk and their abilit}' to fer- 
ment glucose, sucrose, lactose, and maltose (fermentation basal 0 5 per cent 
yeast extract, 0 3 per cent ti^iitone, and 0 1 per cent agar, with bromcrcsol 
purple mdicator added) were observed 

Nearly one-fifth (39) of the “anaerobe” isolates produced stormy fermenta 
tions m glucose- or lactose-contammg media Gram stains showed these organ 


isms to be large, gram-positive rods, they were nonmotile and obhgateh an 
aerobic An attempt was then made to identify these bactena The motilitj 
of 8- to 16-hour cultures grown m Brewer’s medium was detennmed bj micro- 
scopic examination of wet mounts Gram stams (Kopeloff and Beennan, 
Manual of Metlioda, 1945) were made of 18-hour Brewer’s culture Sporulation 
was mduced by cultivation m Reed and Orr's (1941) proteose-peptone plating 
agar (adjusted to pH 8 0), meubated anaerobically m hj’^drogen for 48 hours 
Schaeffer and Fulton’s (Manual of Methods, 1945) spore stains were made to 
detenmne the shape and location of spores The abihty of these isolates to 
ferment lactose, glucose, sucrose, maltose, and sorbitol, produce H-S, reduce 
mtrate, produce mdole, and hquefy gelatm was determined accordmg to the 
recommendations of Reed and Orr (1941) Their hemolytic action on bonne 
blood was tested on Difco blood agar base containing 5 per cent boi me 
All cultures were streaked out on the egg yolk medium of McCIung and oa - 
(1947) and meubated anaerobically for 24 to 36 hours to observe production n 


lecithinase (Nagler’s reaction, 1939) . 

Statistical analysis A statistical anabasis was made of the data from the n 
experiment First, an anab’sis of -variance betw een tnals was made for eac i 
the four stages of infection (0, 2, 4, and 6 days) over all cecal counts 
as loganthms to the base 10 earned out two places) The between-tnaLs i ^ 
tion, less variation due to media, ration, and mteraction of ration and m ■ 
was used to resolve significant changes m the flora -with advance in i ^ ^ 
Then, Bartlett’s chi-square test of homogeneity of i anance 
made on the real between-tnals variation of cecal counts in order to dCiC 
whether or not it was of the same magnitude at the four stages of mic 
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The weighted mean of the between-trials variation was used as the variance in 
determining the betv een-days variation for each medium by another analysis 
of vanance Least significant differences (LSD) were then computed between 
different infection periods for those media showmg significant F values (either 
at the 5 or 1 per cent level of significance) A few times missmg values were 
estimated accordmg to the method of Yates (Snedecor, 1946), and used m cal- 
culatmg the statistical average 




Figure 1 Changes m the cecal flora of chicks infected with Eimerta tenella — first ex- 
periment 


RESULTS 

Experiment 1 The bacteriological results aie summaiized m table 2 and 
figure 1 The most strilong changes in the cecal flora dunng infection with E 
tenella appeared to exist among those groups of bactena represented by CL and 
SF counts, most of w^hich w^ere lactic acid bactena After the second or fourth 
day of infection, very few^ orgamsms morphologicallj’’ like lactobacilh could be 
found m CL shakes Dunng the lattei stages of coccidial infection, CL shake 
tubes contamed pnmanly coliform oigamsms It is mterestmg to note that 
cohforms remamed unchanged m numbers dunng the course of infection Agar 
plate counts on cecal contents appeared to drop a httle m birds on gram, while a 
slight change occurred in cecal plate coimts of chicks on the synthetic ration 
The over-all change m the cecal flora was practically the same with either ration 
Lactic acid bactena from chicks on the sjmthetic diet did not decrease appreci- 
ably m numbers until after the fourth das'’ of infection, whereas in birds on the 
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grain mash, cecal lactics decreased after the second but before the fourth dai of 
iMection The coMorms, as m the intestinal flora of pullets (Johansson cl al , 
iy4ol, appeared to be predominately Escherichia types 
Statistical treatment of these data revealed the difference between tnals to 
be highly sigmficant before coccidial infection, and on the fourth and sivth daj 
after infection, on the second day the between-trials variation was not sig 
mficant One thing revealed by analysis of vanance between tnals is that the 
within-trials variation (the vanance) gradually mcreased during the advance of 
infection (from 0 1362 to 0 6747) This mdicates that variation between cecal 
counts increased during the course of cecal coccidiosis Bartlett’s chi square 
test of the homogeneity of between-trials mean squares resulted in a slighth 
over 5 per cent level of probability, mdicatmg that these mean squares were not 


TABLE 2 

Cecal counts of chicks infected with Eimeria tenella — Experiment 1 


DAVS INPECTED 



0 

2 

4 

6 

Gram 

Gram 

Synthetic 

Gram 

Synthetic 

Grain 

Synthetic 

CL* 

19,884 0 

21,822 5 

9,108 0 

1,920 6 


647 7 

426 0 


(9) 

(4) 

(6) 

(6) 

(6) 

(6) 

(G) 

Agar plate* 

MfllWgJ 


254 7 

187 8 


187 5 

2IC 2 



(4) 

(6) 

(6) 

(6) 

(6) 


EMB* 


79 8 

125 6 



111 2 

134 7 



(4) 

(6) 

(6) 

(6) 1 

(6) 

(G) 

SFt 

1,953 8! 





16 6 

1 0 



(4) 

(6) 

(6) 

(6) 

(C) 

(6) 


Numbers in parentheses indicate the number of samples from which the average was 
obtained 

* Counts expressed X 10® 

t Counts expressed X 10® 

homogeneous Actually, one mean square (at 2 days after infection) was out of 
line and, smee a better vanance was not available, the weighted mean of t e 
between-trials mean squares was employed m determining the variation between 
days (Tome, 1948) Perusal of table 3 mdicates the following (I) CL and 
agar plate counts changed significantly between days of infection in the ccca o 
chicks on gram, but not m chicks on the synthetic ration, (2) no signiican 
change m coliform counts occurred m cecal coliforms of chicks on either ra ion, 
and (3) the decrease m enterococcus counts during infection was highly si^i 
for both rations Least significant difference calculations revealed that 
m CL counts of chicks mgestmg gram was not significant until the four > 
of infection (LSD os log 1 37) Similanly, cecal agar plate counts of gmm 
chucks did not change significantly until the sixth day of infection « 

1 34) A highly sigmficant drop m numbers of cecal enterococci was oun 
occur on the fourth day of infection m chicks mgestmg gram, and on the snt i 
of infection m chicks on the punfied diet (LSD oi log 1 79) 
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Experiment 2 The results of this study are compiled in table 4 and figure 2 
As in the first experiment, the CL shake counts decreased more in the ceca of 
coccidia-infected chicks on gram than in those on the synthetic diet Aerobic 
and anaerobic thioglycolate agar plate coimts were surprismgly similar and 
changed most m birds on gram, m chicks on the S3mthetic ration these two plate 
counts appeared to remam fairly constant during infection Since it was dis- 
covered that cohforms made up the majority of the colonies growing on these 
plates, it IS not surprising that anaerobic and aerobic plate counts were similar 


TABLE 3 

Analysis of variance for helween-days’ differences in cecal counts 


SOTOCE OF VACATION 

DECREES OF 

freedom 

SUMS OF 
SQUARES 

MEAK 

SQUARE 

F VALVE 

1 Carrot-liver agar shakes 

Between days, grain 

3 

17 2741 


3 405* 

Between days, synthetic 

3 

6 9801 

2 3267 

1 376 

Between trials 

52 

87 9361 

1 6911 


2 

Agar plates 



Between days, grain 

3 

14 2101 


2 801* 

Between days, synthetic 

3 

3 9831 


0 785 

Betiieen trials 

52 

87 9361 



3 

Coliform counts 



Between days, grain 

3 

6 8276 

2 2759 

m 

Between days, synthetic 

3 

0 6098 

0 2033 


Between trials 

52 

87 9361 

1 6911 

■■■ 

4 Enterococcus counts 

Between days, grain 

3 

54 0650 

18 0217 

BilM 

Between days, synthetic 

3 

61 6060 

20 5353 


Between trials 

52 

87 9361 

1 6911 



* F significant at the 5 per cent point 
t F significant at the 1 per cent point 


in magmtude Especially m chicks on the synthetic diet, it may be noted that 
coliforms made up by far the majority of the cecal flora after 5 days’ infection 
with E teneUa It is beheved that both CL shake and plate coimts were merely 
coliform counts at this late stage of infection Lactobacilh were rarely encoun- 
tered m CL shakes after the third day of infection Anaerobic spore counts^ 
decreased durmg infection, while aerobic spore counts of cecal contents remamed 
essentially unchanged Thioglycolate agar shake tube counts of spores markedly 

* It was found that many of the “aerobic” sporeformers grew well in an atmosphere of 100 
per cent hydrogen , hence the anaerobic spore count mcludes a fair number of aerobes hich 
obscure the true decrease in numbers of anaerobic spores 

























TABLE 4 


Cecal counts of chtcl s tnfecled with Etmena lenella— Experiment 2 


HTDItTil 

0 

DA\S INTECTEJ 

3 

0 

! ^ 

Gram 

Gram 

Synthetic 

Gram 

1 Sy^lhclic 

CIA 

6,942 0 

11,076 0 

4,429 4 

745 3 

930 2 


(10) 

(8) 

(8) 

(8) 

(S) 

Thiogl j eolate plates — anaerobic* 

1,826 8 

1,335 4 

3,836 3 

1G9 1 

789 ti 

1 

(10) 

(8) 

(8) 

1 (8) 

(8) 

Thioglycolate plates— aerobic* 1 

1,889 3 

1,804 1 

3,115 2 

140 1 

739 1 


(10) 

(8) 

(8) 

(8) 

(8) 

EMB* 

359 6 

1 42 4 

2,630 8 

73 3 

7G0 ! 


(10) 

(8) 

(8) 

(8) 

(8) 

Spore shakesf 

171 0 

515 0 

553 0 

79 4 

25 9 


(7) 

(8) 

(6) 

(5) 

(6) 

Spore plates — anaerobicf 

1,484 0 

215 0 

529 0 

19 0 

230 7 


(10) 

(8) 

(8) 

(0 

(6) 

Spore plates — aerobicj 

405 0 

627 4 

210 8 

717 1 

943 5 


(10) 

(8) 

(8) j 

(6) 

(0) 


Numbers in parentheses indicate the number of samples from iihich the aieragc 


obtained 

* Counts expressed X 10' 
t Counts expressed X 10' 
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deci eased after the third day There appeared to be little diffeience in cecal 
flora changes between birds on the two lations, but chicks on the synthetic diet 
possessed a slightly richer cecal cohform flora throughout coccidial infection 

The cecal flora of normal, uninfected chicks of the same age as those that 
were infected was found to remain the same, hence these changes in the flora 
which were found to occur in both experiments must not be due to age but to 
some other factor, presumably, the coccidial infection 

Large, cream-colored lenticular colomes, w^hich are typical of Clostridium 
perfnngens, usually were noticed in spore plate counts made before infection on 
cecal contents diluted as high as 10~^ or 10~®, nonspore anaerobic plates of cecal 
contents rarely produced such colonies beyond 10“® dilution pnor to infection 
However, on the fifth day of infection, C perfnngens-hke colomes often were 
found m abundance on anaerobic plates of the unheated matenal up to the 10“® 
dilution, hut were rarely seen m the lowest dilution (10“^) of the anaerobic spore 
plates These colonies were easily recogmzed, and when transferred to litmus 
milk containing reduced iron, always gave a stormy fermentation Their 
presence m thioglycolate agar shake tubes was unmistakable because they blew 
the agar to bits and pushed the cotton plugs completely out of the tubes within 
18 hours at 37 C Thus, it seems that changes m the ceca during infection with 
coccidia resulted m favorable conditions for growth of the gas-gangrene organism 
as evidenced by germmation of C perfnngens spores and their extensive prolifera- 
tion 

One hundred seventy-six isolations were made from CL agar shake cultures 
and anaerobic plates (both of heat-shocked and non-heat-shocked preparations) 
Of this total, 39 were identified as C 'perfnngens and the rest were found to be 
chiefly coliform bacteria, cocci, and lactobacilh, or unidentified microaerophilic 
or anaerobic gram-positive rods All cultures identified as C perfnngens fer- 
mented glucose, lactose, maltose, and sucrose, produced a stormy fermentation 
m htmus milk, reduced nitrate to mtrite, did not produce mdole, produced H^S, 
and gave a positive lecithmase reaction Only one such culture did not liquef3’’ 
gelatm, and only four did not hemolyze bovme blood (the others produced a 
weak to strong alpha hemolysis) Spores of a few of the cultures w ere observed 
and found to be oval, excentnc to subtermmal in location, the sporangia were 
slightly swollen Sporulation of the isolates was induced wuth great difficultj’', 
and only a few spores w ere seen in any culture The cultures were nonmotile, 
gram-positive, and were fairly large regular rods Thus, the morphological, 
cultural, and biochemical studies of these sporeformmg anaerobes seems to 
agree with the description of C perfnngens given in Bergeifs Manual of Deter- 
minative Baeteriology (1948) 

Eight cultures of enterococci were isolated from SF dilution cultures of eight 
different coccidia-free chicks, varjmg in age from 7 to 30 days Thej" were all 
large, irregularly-shaped, gram-positive cocci, able to grow m a medium con- 
taming 6 5 per cent NaCl, to produce either alpha or gamma hemolysis of bovine 
blood, and unable to hquefy gelatm From this prehmmaiy stud}-- of a few 
enterococcus isolates from young chickens, it appears that they are Streptococcus 
faecalis 
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Seven gram-positive, anaerobic or microaeropbilic nonsporeforming rods 
found among the 176 isolates appeared to be lactobacilli Six of tbem for 
mented sucrose, maltose, lactose, and glucose, while one fermented sucrose, 
maltose, and glucose with the production of acid but no gas Growth, if anj, 
on aerobic slants was scant, whereas stab cultures grew well None strongl) 
coagulated or reduced litmus milk, but all produced acid in this menstruum No 
attempt was made to classify these isolates as to species 

A few of the microaerophihc coccus isolates were moculated into tubes of SF 
medium and mcubated at 45 C, no growth appeared dunng 1 week of incubation 
This mdicates that some of the coccus isolates were not enterococci They 
were found to ferment sucrose, maltose, lactose, and glucose with the production 
of acid but no gas Further study of these coccus isolates was not made 

DISCUSSION 

There have long been mdications that the etiology of cecal coccidiosis is com 
plex, and that destruction of mtestmal epithehum with resultant hemorrhage 
by the protozoan parasite, Eimeria tenella, is but one aspect of the disease 
Bactena belonging to the colifonn, coccus, and sporeforming anaerobe groups 
have been frequently isolated from the hver, spleen, heart, and blood of chickens 
which have succumbed to coccidiosis infection (Morse, 1908, Hadley, 1909, 
Fantham, 1910, Ott, 1937) No doubt secondary infection is faciliated as a 
result of weakened cecal walls and a general emaciation of the animal Mann 
(1947) goes further and claims that “coccidiosis in chicks is a secondary com 
plamt, the pnmaiy aetiological agents bemg bactena which proliferate to excess 
m the presence of roughage or protein ” In addition, it is possible that toxic 
products of bactena may penetrate the infected epithehum to confuse the picture 
even more 

Mann (1945a, h) studied “six-day disease” of chicks, which he found to he 
caused by mvasion by vanous fecal bactena, chiefly Clostridium wekhii, cntcro 
cocci, and coliforms, through the mtestmal wall His descnption of the ap 
pearance of the cecal pouches of birds afflicted with this infection is similar o 
that of cecal coccidiosis occlusion of the ceca by a hard core xvith hemorrhage in 
varymg degrees He was able to control this disease by using a ration ng 
natural carbohydrate, and low in animal protem, roughage, and resi ua oi ^ 
capable of destroying vitamin A McGaughey (1944) reported sunilar resu 
m a bactenological study of “six-day disease” of chicks He “ ^ ^ ° ^ 
produce the disease by feeding cultures of C welchii to day-old ' 

Gaughey suggested that the cause of death, which is fulminating, inig ^ 
welchii mtoxication Mann (1947) heheves the bactenology of c^a t 

to be similar to that of “six-day disease,” and that it too could be co 
by a ration like the one employed to subdue morbidity due to six ay 
The results of the first experiment show that cohform 
Escherichia species, do not decrease in numbers in the ceca unng •' 
of coccidiosis, whereas lactic-acid-producmg bactena all but disapp^ 
second experiment agreed with the first and, in addition, indica 
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tions m the ceca of infected chicks were modified so as to favor prohferation of 
sporeforming anaerobes, especially C perfnngens Marsh and Tunnichff (1944) 
found many coccidia-infected sheep to develop enteroto\emias caused by C 
perfringens (type D) Therefore, the results obtained m this study strengthen 
the behef that C perfnngens may be a secondary mvader m chicks infected with 
coccidia, and that the activity of E ienella makes then growth possible 

There is considerable evidence in the hterature that injury to the mtestmal 
tract of an animal may result m visceral mvasion by C perfnngens Wilhams 
(1927) pomted out that, when the small bowel of man becomes paralyzed or 
obstructed, conditions become ideal for growth of Bacillus welchii Stabms and 
Kennedy (1929) artificially obstructed the jejunum of dogs and found an abrupt 
mcrease m numbers of C welchii within the obstructed segment C welchit 
was found to invade the blood stream m five human cases in which the primary 
lesion was m the mtestmal tract (Cnnckshank and Davidson, 1944) The latter 
state “Injury and disease of the ahmentary canal, which normally harbours 
orgamsms of the gas gangrene type may allow the entry of these organisms 
mto the blood stream ” Smce cecal coccidiosis of the chicken results m occlusion 
of the cecum together with mjury to the mtestmal mucosa and epithehum, a 
favorable envHonment is established for the growth of C perfnngens None 
of the C perfnngens isolates were typed m the present study, but Taylor and 
Gordon (1940) found only type A among the 88 cultures isolated from 12 of 13 
chickens exammed 

The coliform organisms may also be mvolved m the etiology of cecal coccidiosis 
This study has shown that they are present m large numbers throughout the 
course of coccidiosis infection In a previous mvestigation (Johansson et al , 
1948) it was found that the cecal contents of mature hens had a cohform count 
considerably lower than that found m the ceca of young chickens This might 
possibly be a factor related to the reduced seventy of cecal coccidiosis which is 
known to occur with advance m the age of chickens (Hemck et al , 1936) 

Although no outstanding difference was noted between the cecal flora of 
chicks on the two rations employed in this work, Hemck (1947) has found the 
gram mash to favor an appreciably higher mcidence, seventy, and mortality 
m the chicks infected with E ienella than did the punfied ration 

SUJiaiABT AND CONCLUSIONS 

The cecal flora of 2-week-old chicks on a gram mash or on a sjmthetic diet 
changed durmg the course of infection with Eimeria ienella Numbers of 
lactobacflli and enterococci were reduced considerably by the fourth or fifth day 
of infection Coliform organisms were found to remam unchanged m numbers 
m the ceca durmg cecal coccidiosis The growth of anaerobes resembhng 
Closlndium perfnngens was stimulated by coccidial infection of the cecum 

A statistical analysis was made of the enumerative data from one of these 
experiments and revealed that some of the changes which occurred m the cecal 
flora of chicks mamtamed on two different rations during the course of coccidial 
infection were statistically sigmficant 
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It IS believed that C perfnngens and Eschenchta coh 
cecal coccidiosis of the domestic chicken 


complicate the etiolog 
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A study of the tn mtro bactenostatic action of simple furan denvatives has 
demonstrated the value of the mtro group m the molecule for effective bacteno- 
stasis of both gram-positive and gram-negative orgamsms, and the mactmty 
of analogous nonmtrated compounds (Dodd and Stillman, 1944) The proved 
function of the mtro group m the furan senes created mterest m its effect when 
mtroduced mto other five-membered heterocyclic rmg sj^stems havmg a smgle 
hetero-atom Thiophene and pyrrole, the sulfur and mtrogen analogues of 
furan, which have physical and chemical characteristics that resemble furan m 
many respects, were chosen for a comparative study of the effect of a mtro group 
on the bactenostatic action of such compounds 
A senes of simple thiophene and pyrrole denvatives both mtrated and non- 
mtrated was, therefore, prepared and tested for in miro bactenostatic action 
and the results were compared with corresponding furan denvatives 
Certam furan denvatives havmg a substituent m the 2-position contammg 
an aldehyde or ketone carbonyl group and mtrated in the 5-position are highly 
efficient bactenostatic agents The compounds 5-mtro-2-furaldehyde and 5- 
mtro-2-acetofurone are excellent examples of active compounds of this type 
The former and its semicarbazone denvative are two of the most active members 
of the furan senes The 2-acetyl denvatives of thiophene and psnrrole were 
prepared and compared with the active 2-acetyl furan denvatives 
Nonmtrated and mtrated compounds are included for comparison The 
effect of mtroducing a mtro group is clearly brought out The data on bac- 
tenostatic activity of 2-acetofurone semicarbazone and 5-mtro-2-acetofurone 
semicarbazone have not been published 

In the thiophene and pyrrole senes the effect of a mtro group m the 4-position 
on in mtro bactenostatic action was observed The inabdity to prepare the 
correspondmg simple furan denvative precluded any observation of the effect of 
a 4-mtro substituent in this senes 

The following tables show the in vitro bactenostatic action of the 16 compounds 
compnsmg this study The testmg procedure has been descnbed (Dodd and 
Stillman, 1944) 

From table 1 it is apparent that the nonmtrated furan denvatives are not 
bactenostatic but the mtroduction of a mtro group has conferred bactenostatic 
properties upon 2-acetofurone and upon its semicarbazone, although the action 

* Present address Department of Bactenologj , Ohio State Uni\ ersitj , Columbus, Ohio 
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compound is of a lower order than the ketone itself It is belie\ ed 
tkat the insolubihty of the semicarbazone prevents manifestation of any actii itj 


TABLE 1 

Bacterioslahc action of furan derivatives 

(Mipimum bacteriostatic concentration in mg per cent after 24 and 96 hours’ incubation) 


COMPOUNDS 

S AUPEDS 

S EEMOLYnCUS 

D ENEUMOYIAE I 

E TYPSOSA 

E 

COU 

p nonuTt 


24 

96 

24 

96 

24 

96 

24 

96 

24 

96 

24 

; w 

I 2-Aceto 
furone 
II 2 Aceto 
furone 


>100 

>100 

>100 

>100 

>100 

>100 

>100 

>100 

>100 

>100 

>101 

semi 

carba 





1 








zone 1 
III 5-Nitro 1 


>100 

>100 

>100 

>100 

>100 

>100 

1 

>100 

>100 

>100 

>100 

>101 

2 aoeto- 






1 1 

1 I 



1 ] 




furone 
IV SNitro 

1 0 6 

1 1 66 

05 

1 66 

1 

0 2 

1 2o 

' 0 6 

I 0 

1 0 

! 1 0 

200 

*>) 0 

2 ace to- 

furone 

semi- 

carba- 

zone 

1 25 

2 5 

2 5 

3 33 

>3 33 

>3 33 

1 25 

2 5 

3 33 

>3 33 

>3 33| 

>3 31 


TABLE 2 

Baclenostalic action of thiophene derivatives 

(Minimum bacteriostatic concentration in mg per cent after 24 and 96 hours’ incubation) 


COMPOUHDSl 


KEMOLYBCOS 1 PHETOONJAE I ( ^ TlfTHOSA I E COU pyoa*^' 


24 9fi 21 9« 24 9« 24 9fi 
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These findings substantiate the results previously reported in which only 3 
nonnitiated furan compounds out of the 17 tested showed very slight bacterio- 
static action, whereas 24 of the 25 nitrated compounds demonstrated activit} at 
high dilutions The lack of activity of the one compound in the latter series 
was ascribed to its low solubihty m the test broth (1 5 mg per cent) 

The thiophene derivatives presented in table 2 show in part the trend noted 
in the furan series The nomutrated derivatives are inactive at high concentra- 
tions, but the introduction of a mtro group in the 5-position has conferred 
bactenostatic action upon 2-acetothienone which is of an order comparable to 
mtrofurans The senucarbazone of 5-nitro-2-acetothienone shows bactenostatic 


TABLE 3 


Bactenostatic action of ■pyrrole derivatives 


(IVIinimum bactenostatic concentration in mg per cent after 24 and 96 hours’ incubation) 


COMPOUNPS 

S ATTSEUS 

s 

HEMOLYXICUS 

D PSEtJ 
MONIAE I 

E TYPHOSA 

E COLl 

P 

PYOCYANSA 


24 

96 

24 

96 

24 

96 

24 

96 

24 

96 

24 

96 

XI 2 Acetyl pyr- 
role 


■ 




>100 

>100 

>100 

>100 

>100 

>100 

>100 

XII 2-Acetyl pyr- 
role semi- 
oarbazone 


n 


40 


>100 

40 

40 

>100 

>100 

>100 

>100 

XIII 5 Nitro - 2 - 
acetyl pyr- 
role 

^^9 


20 



>100 

40 

40 

40 

40 

100 

>100 


XIV 5-Nitro - 2 - acetyl 
pyrrole semicarba- 
zone 

XV 4 Nitro - 2 - acetyl 
pyrrole 

XVI 4-Nitro - 2 - acetyl 
pyrrole semicarba 
zone 


Solubility less than 5 mg % 

Solubility less than 40 mg % 
Solubility less than 4 mg % 


No bactenostatic action in 
saturated solution 

No bactenostatic action in 
saturated solution 
No bactenostatic action in 
saturated solution 


action only agamst D jmeumomae I at the limit of its solubihty (2 5 mg per cent) 
in contrast to the semicarbazone of 5-nitro-2-acetofurone It seems apparent 
from this that a mtro group may confer bactenostatic action on thiophene com- 
pounds, but it is probably not so effective as it was with mtrofurans 
The isomenc 4-nitro-2-acetothienone is to all intents mactive, as is its semicar- 
bazone In the case of the semicarbazone, solubihty is a limiting factor, but 
the ketone itself has a solubihty of 50 mg per cent, which is comparable to the 
active 5-nitro dern'^ative This would lead to the conclusion that the mtroduc- 
tion of the mtro group into the 4-position of the thiophene ring does not confer 
the bactenostatic effect noted when the substitution takes place m the 5-position 
Table 3 presents the i7i vitro bactenostatic action of the pyrrole denvatn es 
In this series one of the nonmtrated compounds, 2-acetyl pyrrole semicarbazone. 
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showed bactenostatic action against two of the 6i\ organisms tested m contrast 
to the findmgs in the furan and thiophene senes Also, the presence of a nitro 
group in the 5-position not only failed to mamtam the activity found m this 
compound but conferred only slight activity on the other denvative tested, 2 
acetyl pyrrole Agam the d-mtro compounds were inactive 
From the data presented here on the m mtro bactenostatic activity conferred 
upon a limited senes of simple denvatives of furan, thiophene, and pjTrolo b} 
the mtroduction of a nitro group, this order of activity is shown furan > thio 
phene > pyrrole, with the pyrrole denvatives practically devoid of actaitj 
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]\Iany attempts to isolate thermophilic cellulose-fermentmg bactena have 
failed to joeld cultures of undoubted punty Because of the lack of pure cul- 
tures conflictmg and erroneous ideas regardmg the cultural reqmrements and 
metabohc characteristics of these orgamsms have ansen Recently, with the 
procedure developed by Hungate (1944, 1947), pure cultures have been obtamed 
and studies made on the metabolism of the ceUulose-fermenting thermophiles 

ISOLATION OF POSE CUI/TURES 

Ennchment cultures from soil or manure were made at 55 C in stoppered 
bottles contaimng medium of the followmg percentage composition NaCl, 
0 6, (NH 4 )iS 04 , 0 1, KHjP 04 , 0 05, E: 2 HP 04 , 0 05, AIgSOj, 0 01, CaCl, 0 01, 
and cellulose, 0 5 The cellulose had been prepared from absorbent cotton 
accordmg to the procedure of Farr and Eckerson (1934) A 5 per cent suspension 
was ground with distilled water m a pebble mill for 72 hours This gave a thick 
slurry of finely divided cellulose, which was used in all the experiments 

Cellulose fermentation in the ennchment cultures occurred m a few days as 
evidenced by the formation of gas bubbles and a tendency for the cellulose to 
become mucilagmous When fermentation was active approximately 0 1 ml of 
the sediment contaimng the cellulose was transferred to a test tube of sterile 
ennchment medium plus 0 1 per cent yeast extract This culture served as a 
startmg pomt for attempts at isolation of pure cultures 

Senal shake dilutions of these cultures were made in cellulose agar of similar 
composition Cellulose digestion was obsen’^ed in all these agar dilution senes 
It was manifested either by a general cleanng of the opaque white cellulose or 
by the formation of a clear zone around a discrete central colony In the first 
mstance, transfers from the cleared agar to further cellulose agar senes finally 
gave isolated colonies surrounded by clear zones These isolated colomes v ere 
subcultured to further similar senes except that filtered glucose was substituted 
for the cellulose The residtmg colomes were again returned to cellulose No 
growth resulted This resembled the results previously reported by other m- 
vestigators (Viljoen, Fred, and Peterson, 1926), namely, failure to digest cellulose 
after growth on glucose However, further study showed that these colonies m 
glucose were actually heat-resistant contammants present in the agar By auto- 

1 Submitted in pirtial fulfillment of the requirements for the Ph D , The State College 
of Washington 
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claving for 30 minutes at 20 pounds pressure these contaminants irere killed 
But m this adequately stenhzed medium to which filtered glucose n as added no 
growth whatsoever took place Failure to obtain growth was not due to damage 
to the medium by the sterilization process since the cellulose medium iihcn 
similarly stenhzed supported excellent development These results suggested 
that the orgamsms would not grow on glucose It seemed highly desirable, 
however, to ohtam dilution senes m a sugar medium, so cellobiose v as tested 
Dilution mtoa cellobiose agar senes showed colony development as good as that 
obtamed m cellulose media A second subculture m cellobiose and then a return 
to cellulose gave active cellulose digestion 

The use of ceUobiose agar was the key to a pure culture, because it permitted 
repeated transfers from isolated colomes m high dilutions in a transparent 
sohd medium m which any contammants could be detected The entona for 
culture punty that have been followed are (1) The strain must arise from a 
smgle, well-isolated colony m cellulose agar (2) Upon dilution mto cellobiose 
agar it must peld only one colony type (3) A smgle isolated colon} from 
a high dilution of the cellobiose agar must be transferred to a second ccllobiosc 
agar dilution senes with similar results (4) All the colonies in the highest dilu 
tion showmg growth m the second cellobiose agar senes must be macroscopicall} 
sumlar and yield only cellulose-digestmg colomes when transferred mto cellulo c 
agar 

Fourteen strams, all similar to one another, were cultured from the mitial 
ennehments, of which two, cultures 157 and 651, have been subjected to the 
foregoing punty tests The remaming 12 strams n ere not earned bej ond the 
first few transfers because they appeared identical with the two isolates Culture 
157 has been used for most of the physiological work 


PHTSIOLOGY 


Quantitative fermentation studies The products of cellulose fermentation 
have been determmed for the pure cultures The culture technique uas csicn 
tially the same as that desenbed by Hungate (1944) usmg all-glass culture fl^ 
with inlet and outlet tubes that vere sealed m a flame after inoculation 
medium was prepared with a phosphate-buffered morganic salt base 
amount of cellulose was determmed from a control flask in each sene-> 
extract was omitted since it was found that sufficient grovih factors v ere prK n 
in a 1 per cent moculum from a 0 05 per cent yeast extract cellulose cu ure 
Substitution of sodium sulfide for sodium tfaioglycolate, the usual reducing ag > 
further reduced the amount of extra carbon Anaerobiosis was 
evacuatmg the flasks after moculation The inoculated control 

refngerated „mrn‘ i 

The time required for thedisappearanceof all the cellulose m the expc 
flasks at 55 C vaned from 5 to 40 days, accordmg to its concentration a 


moculum ^ "J i m" r 

Experiment 1 The first senes of quantitative cultures contained /-i i 

cellulose m 100 ml of medium (0 0744 per cent cellulose) The ccIJuJo 
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pletely disappeared m 5 days at 55 C, at which time no trace of reducing sugars 
could be detected The amounts of fermentation products found upon analysis 
of duplicate flasks are shown in table 1 The values m the two flasks agree, 
except m the case of carbon dioxide, in which some error m flask 1 may have been 
due to a lack of equilibnum m the ascante absorption tram before the first an- 
alysis was started All values are the average of duphcate analyses which 
generally checked within 5 per cent No acetylmethylcarbmol, 2,3-but3’-lene 
glycol, or methane were found No alcohols or fatty acids higher than ethanol 
or acetic acid were present 

The total amount of carbon found m the fermentation products is only about 
70 per cent of the mitial carbon of the cellulose This amount, peculiarly, is 
approximately the recovery obtamed by Khouvme (1923) m her anal 3 ’-ses, b 3 ^ 

TABLE 1 


Fermentation balance, culture 167, experiment 1 


FEWIENtATlON PRODUCTS 

EXPERIMENTAL PLASE 1 

EXPERIMENTAL IXASE 2 

Mg 

mM 

Mg atom 
carbon 

Mg 

mir 

Mg atom 
carbon 

Initial cellulose 

74 4 


2 76 

74 4 


2 76 

Carbon dioxide 

27 2 

0 62 

0 62 

13 2 

0 30 

0 30 

Hydrogen 

0 84 

0 42 

— 

1 14 

0 57 

■BH 

Ethyl alcohol 

9 67 

0 21 

0 42 

9 42 

0 20 


Formic acid 

10 4 

0 23 

0 23 

9 70 

0 21 


Acetic acid 

16 2 

0 27 

0 54 

12 5 

0 21 


Lactic acid 

9 84 

0 11 

0 33 

10 7 

0 12 


Succinic acid 

0 39 

0 003 

0 012 

0 66 

0 005 


Residue (cells) 

1 6 

— 

— 

2 0 

— 


Total 



2 152 



1 71 

Carbon recovery 



78% 



62% 


Hungate (1944) m the fermentation balances of Clostridium cellobioparus, and 
by Imsenecki (1939) m the studies on his thermophilic cellulose-fermenting 
organism In the present experiments the recovered fermentation products 
possess a degree of oxidation somewhat higher than that of the substrate This 
indicates that the undetermmed carbon should be found m compoimds shghtly 
more reduced than carbohydrates In a later experiment a small amount of 
glycerol was found This could account for some of the rmssmg carbon m table 
1, but scarcely all of it The discrepancy is considerably larger than the error 
m analysis, mdicatmg that one or more important fermentation products hav e 
not been recognized 

An important result of this experiment was the demonstration that reducing 
matenals are not formed durmg fermentation In additional experiments 
usmg 0 1 and 0 15 grams of cellulose per 100 ml it has alwa 3 ’-s been found that no 
reducing sugar accumulated 
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xpeninent 2 A fermentation of 1 484 g of cellulose in 600 ml (0 298 per 
cent) was conducted AH the cellulose had disappeared after 7 da3's’ incuba- 
tion Essentially the same fermentation products were found and they occurred 
m approximately the same proportion as m the first experiment (table 2) In 
addition to the fermentation products there was found also to be a sigmficant 
accumulation of copper-reduemg matenals In all similar cultures containing 
more than 0 15 per cent cellulose, reduemg matenals accumulated in the medium 
unless the culture was tenmnated at or before the penod of most active fermenta 
tion 

In several expenments it has been found that the amount of reduemg matenals 
mcreases after growth has stopped This suggests that hydrolysis can occur 
independently of fermentation Fermentation ceases because of toxic end prod 

TABLE 2 


Fermentation balance, culture 167, experiment S 


7SKUEKTATI0S PStODUCTS 

EXPESnjEOTAL IXASE 1 

nraincE'rrAi rusx 2 

Mg 

mu 

Atom 

carbon 

Mg 

1 

mif 

Mg »tca 
cirboo 





ImUal 

cellulose 





i.m 

I 

519 

1 484 

519 

Carbon dioxide 

160 8 

3 

66 

3 66 

144 7 

3 

20 

3 29 

Hydrogen i 

7 06 

3 

50 

— 

7 10 

3 

55 

— 

Ethyl alcohol 

68 6 

1 

49 

2 98 

64 6 

1 

40 

2 60 

Formic acid 

36 5 

0 

79 

0 79 

38 1 

0 

S3 

0 83 

Acetic acid 

136 8 1 

2 

28 

4 56 I 

134 4 

2 

24 

4 4S 

Lactic acid 

82 6 

0 

92 

2 76 

79 0 

1 ” 

88 

' 2 6( 

Succimc acid 

0 




0 



10 0 

Glucose 

480 0 

2 

66 

16 0 

480 0 

2 

60 

Residue 

11 3 




7 0 





Total 1 

Carbon recovery | 



30 75 

66% I 

I 

1 

30 01 
55% 


ucts, but hydrolysis continues The normally fermented sugars then accumu 

The carbon recovery in experiment 2 was less than that m the previous exp ^ 
ment, assuming aU the copper reduction to be due to glucose This ac 
carbon m an experiment m which digestion occurs without accompanjiUo 
mentation suggests either that a nonreducing mterraediate in the hy ro } 
cellulose had accumulated along ivith glucose or that the copper reduction 
due to glucose alone Particularly cellobiose should be considered as a h> ro 
product No evidence of cellobiose or of hydrolysis mtermediatcs was ob a 
however Acid hydrolysis gave no increase m reduction and no o - ^ 
soluble osazone could be demonstrated A hot-water-insolub e osazon ^ 
formed was identified as glucosazone by its meltmg pomt and micro-cop 
pearance These results suggested that glucose was the chief produc 
cellulose hydrolysis 












1948] 


THERMOPHILIC CELLTJLOSE-FERMENTrN’G BACTERIUM 


657 


The formation of glucose from cellulose by culture 157 coupled with its failure 
to ferment glucose constitutes an anomalous situation m which a hydrolytic 
product is formed but apparently is not utihzed Further experiments were per- 
formed m an at empt to explam this seemmg discrepancy 

The nature of the hydrolytic products Neutrahzed culture flmd from expen- 
ment 2 was evaporated under reduced pressure and the sugar separated from the 
salts by extraction with alcohol The reducmg values of the sugar and of a 
glucose control were not changed by heatmg on a steam bath for 2 hours with 5 
per cent sulfunc acid A cellobiose control showed a 40 4 per cent mcrease m 
copper reduction under the same conditions The amount of carbon dioxide 
produced by yeast fermentation of the unknown sugar before and after acid 
hydrolysis was measured manometncally The carbon dioxide production from 
the culture sugar was equivalent to and at the same rate as that from an amount 
of glucose with the same copper-reducmg capacity Cellobiose was not fer- 
mented by the yeast In another culture containing mitially 5 per cent cellulose 
a sufficient concentration (2 8 per cent) of sugar was formed to permit studymg 
it without first extractmg The mcrease m copper reduction upon acid hy- 
drolysis Was 1 6 per cent for the unknown, whereas a cellobiose control gave a 40 
per cent mcrease Yeast fermentabihty was measured manometncally at 30 C 
The average total gas volumes per umt of copper-reducmg capacity were 
glucose control of equal copper-reducmg capacity, 193 2 ^tl, unknown sugar, 
196 0 All, unknown after acid hydrolysis, 2 04 iil Cellobiose was not fermented. 
An osazone prepared from the unknown yielded a copious precipitate while hot 
No cellobiosazone crystals were formed when the hot filtrate was cooled The 
hot-water-insoluble precipitate was collected, washed with boihng water, and 
recrystalhzed from pyndme The resultmg crystals were imcroscopically 
similar to those of glucosazone prepared m parallel Both decomposed at the 
same temperature, 207 C This showed that, also m a culture solution which 
was neither evaporated nor extracted, glucose was the prmcipal product of 
hjdrolysis of the cellulose 

In view of the precedmg evidence that glucose is actually formed by stram 
157 it seemed desirable to study further the possibihty of its utihzation In 
particular it appeared profitable to study the effect of glucose m the presence of 
other utihzable substrates It had been noted dunng the isolation procedures 
that m glucose agar contaimng traces of cellulose the colonj’’ size was small and 
was proportional to the amount of cellulose digested, whereas substitution of 
cellobiose for glucose yielded large colomes before cellulose digestion was ap- 
parent This suggested that cellobiose was used but glucose was not 

These observations were confirmed by quantitative experiments Fluid 
media were prepared with the followmg carbohydrate compositions, respectively 
(1) 0 1 per cent glucose, (2) 0 05 per cent glucose plus 0 05 per cent cellulose, 
(3) 0 05 per cent glucose plus 0 05 per cent cellobiose, (4) no carbohydrates 
These were moculated with stram 157 and copper reduction values determmed on 
1 ml of each culture before mcubation and again after 24 hours, at which time 
the cellulose had disappeared An adaptation of the Bertrand method to the 
determination of small amounts of sugar was used Anv’^ growth was detected 
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by the production of turbidity After fermentation, 15 ml of each culture were 
evaporated and osazones were formed These were centrifuged out and the 
relative amounts estimated by visual comparison The results of this expen 
ment (table 3) show conclusively that glucose was not attacked by strain 157 
even m the presence of cellobiose and cellulose, which were completel} utilized 
This failure to use glucose was not due to the formation of toxic matcnals 
dunng heatmg, as Stanier (1942) had found m the case of cultures of Cytophaga, 
smee all glucose used in these studies was sterilized by filtration and added to 
the sterile culture medium, which was not further heated 
Another possibility was mvestigated, namely, that the “glucose” produced in 
the cultures differed m some subtle fashion from the reagent glucose provided 
m the foregomg experiment This was examined by the following procedure 
Fluid from the 5 per cent cellulose culture, which contamed 2 8 per cent “gluco'o" 
formed by hydrolysis of the cellulose, was extracted with ether to reraov c the 


TABLE 3 

Glucose fermentabthty 


CASfiOHYDKATE 

GSOWTU 

COPPER REDUenOV VALUES 

CLUCOSlM'.’t 

Initial 

Final 


% 


mg/ml 

mg/ml 


Glucose 0 1 

None 

1 41 

1 41 

+ + 

Glucose 0 05 1 

Cellulose 0 05/ 

Good 

0 68 

1 0 65 

1 + 

Glucose 0 05 1 

Cellobiose 0 05/ 

Good 

1 41 

0 63 

+ 

None 

None 

0 14 

0 16 

bone 


fermentation acids which might be mhibitoiy to the growth of 157 It was then 
sterihzed by filtration The stenle solution was added to a fluid medium con^ 
tammg 0 01 per cent cellulose to give approximately a 0 06 per cent g uco e 
concentration and a copper reduction xmlue of 1 2 mg per ml This was 
lated with a fluid culture of 157 and meubated at 55 C Growth was 
by disappearance of the trace of cellulose withm 24 hours and the 
bidity of the medium Copper reduction values determined on duplicate 
after 5 days’ mcubation were 1 20 and 1 25 mg, respective!}, ° 

showmg that there was no utilization of this “glucose” produced b} e ) ^ 

though the “glucose” was present m the same culture m which ccllu 

readily fermented , 

In order to elunmate the possibility m the foregoing c^eri 
sugar had been altered by the procedures used to eliminate - 

the problem was approached m another manner A culture ^ ^ 

cent cellulose was started After complete disappearance of the ceiiii 
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days, two different dilutions of the culture were made with fresh sterile car- 
bohydrate-free medium (1) one part culture fluid was diluted with 4 parts 
medium, and (2) two parts culture were diluted with 3 parts medium Aliquots 
for analysis were removed from each dilution and the remamder was then m- 
cubated anaerobically at 55 C for 14 days, at which time samples were agam 
removed Shght growth occurred dunng the imtial 24 hours of mcubation as 
evidenced by turbidity in the flasks This was possibly due to the yeast extract 
or to traces of cellobiose present Copper reduction values were determmed 
directly on the mitial and final samples and also after acid hydrolysis (table 4) 
There was no sigmficant change m copper reduction values dunng mcubation 
of the diluted cultures There was a small mcrease m copper reduction value 
upon acid hydrolysis both before and after mcubation It was of the same 
magnitude, however, in both cases and may be inteipreted as bemg due to the 
presence of hydrolyzable material other 'than cellobiose Inoculation of the 

TABLE 4 


F ermeniability of accumulated sugar 


DILUTION 

COPPEH DEDUCTION VALUES 

Culture 

H>dn)lyzed culture 


rtg/ml 

mg/ml 

BX 



Initial 

1 36 

1 48 

After incubation 

1 40 

1 58 

ssx 



Initial 

2 54 

2 85 

After incubation 

2 58 

1 2 92 


diluted cultures into cellulose media show'ed viable orgamsms of stram 157 
present without contammation both before and after mcubation 

It must be concluded that the glucose produced from the excess cellulose is 
not utihzable by culture 157 No difference has been found between reagent 
glucose and that produced but not utilized dunng the breakdown of excess 
cellulose m old cultures 

Smce it has been shown that the reducing sugar foimd m cultures of 157 was 
definitely glucose but was not utilizable in the fermentation by this organism, the 
question of w'hether it was actually formed by the hydroljffic enzjnnes of the bac- 
teria or through nonenzymatic hydrolysis by other factors was investigated 
The logical precursor of glucose would be cellobiose because it is a common inter- 
mediate m cellulose fermentation and is fermentable by culture 157 The con- 
version of the cellobiose to glucose could conceivably be brought about bj' the 
fermentation acids acting at the relatively high mcubation temperature to effect a 
slow nonenzymatic hydrob sis In order to mvestigate this possibility an old 
culture which had fermented 0 1 per cent cellulose was autoclaved without 
openmg Cellobiose (0 5 per cent) was added, a sample remo\ ed, and the flask 
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agam sealed and meubated at 66 0 for 26 days The copper-redacmg ul«. 
mitialJy was 6 4 mg per ml with a 44 per cent increase on acid hydrolysis, and at 
26 days it was 6 1 mg per ml with a 45 per cent increase on acid hydroljsis 
Ihese results showed that cellobiose was not converted to glucose by the acids 
in the culture 


The possibihty of glucose arising from cellobiose via the action of collobiase 
was next investigated Medium containing 0 5 per cent cellobiose was inoculated 
with strain 157 and incubated at 55 G After 6 days the copper reduction laluo 
had decreased from the initial 6 2 mg per ml to 4 0 mg per ml After 7 more daj s 
the value had mcreased to 5 27 mg per ml The sugar at the end shoned an 
mcrease of only 29 8 per cent on acid hydrolysis as compared vnth the initial 
44 per cent, and glucose was demonstrated as the osazone In viqvi of the 


previous results m which an autoclaved culture gave no hydrolysis it must bo 
concluded that a cellobiase is present 

Smee cellobiose had never been unequivocally demonstrated in a ccllulo=c 
fermentation, it seemed that the cellobiase shown above might be adaptive i>nd 
not occur m cultures grown on cellulose Therefore, the cellobiase actmtj of a 
culture grown on cellulose was compared with one grown on cellobiose 
A flask containmg 0 15 per cent cellulose and a similar flask with 0 15 per cent 
cellobiose were moculated and meubated at 55 C This concentration of sub 


strate was chosen because it represented the approximate maxunum which 


could be fermented without the accumulation of reduemg sugars Aliquots were 
removed from both flasks to establish the mitial copper reduction value After 3 
days’ mcubation both fermentations had ceased and the 0 15 per cent ccllulo'c 


had completely disappeared At this time the flasks were opened, samples were 
removed for analysis, and 0 5 per cent sterile cellobiose was added Samples 
were again removed for analysis (see below) and the flasks remeubated A 
modification of the experiment was also mtroduced After the addition ^ 
cellobiose to the 0 15 per cent cellulose flask, an ahquot was remo\cd, mitcd 
with toluene, and meubated m parallel with the untreated culture This was to 
test for a cellobiase activity m a culture grown solely on cellulose This seem 
necessary because, otherwise, shght growth by the bactena after cellobio^ 


addition might permit formation of an adaptive cellobiase 

The cultures were tenmnated after 7 days of remcubation with the cello loe 
and analyses performed agam Copper reduction values were determin 
before and after fermentation with Eschenchta coli The difference 
these values was used as a rough mdex of the amoimt of glucose presen ^ 
was demonstrated m separate quantitative experiments that the strain o 
coh utilized glucose but not cellobiose The cultures were autoclaved pnor 
moculation with E coh m order to stop any cellobiase activity 

Significant quantities of glucose were formed by cellobiase action ^ 
the cells grew on cellulose or cellobiose (table 5) This shows that cello " 
present m both the cellulose and cellobiose cultures The production 

mthetoluene-treatedahquotwasaboufcthesameasmtheuntreated 

the cellobiase must have been formed dunng the growth on cellulose and r 


the result of adaptation after addition of the cellobiose 
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This demonstration of a cellobiase in a culture gromng on cellulose suggests 
that cellobiose is a normal intermediate m the breakdown of cellulose and poses 
the question of why ceUobiose had never been found m the quantitative cultures 
It seemed possible that enzymatic hydrolysis of the cellobiose might occur 
durmg the relatively long penod of time which usually elapsed between the 
complete disappearance of cellulose m the cultures and the mitiation of analyt- 
ical procedures This might decrease the concentration of cellobiose to the 
pomt where it would no longer be easily demonstrable This was shown to be 
the case by analyzmg a culture with excess cellulose before all the substrate 
had disappeared Both glucose and cellobiose were demonstrated by osazone 
formation and E coh fermentation But even if the culture was analyzed before 
all the cellulose had disappeared, the amount of cellobiose was considerably 
less than the amount of glucose 

TABLE S 

Results of cellobiose experiment 


COFTES SMOCTIOV VALUES 


1 

CULTtTR£ 

Initial 

At 3 days 

At 10 days 

Difference dae 
to activity of 
cellobiase 

Before j 
ceUobiose i 
added i 

After 

cellobiose 

added 

Before i 
E colt 1 
fenn i 

After 

B celt 
fenn 


fflf/mJ 

fni/mX 

mg/ml 


mg/ml 

mg/ml 

0 15% cellulose 

0 4* 

i 0 90 

7 1 

mm 

3 4 

4 3 

(Toluene added) 





3 2 

4 0 

0 15% cellobiose 

1 8 

0 82 

7 2 

mm 

4 3 

2 9 


• Due to materials not pptd by CuSOa but reacting witb Fes (SOi)* or KMn 04 


Prmgsheim (1912) found that cellobiase was mactive at temperatures above 
67 C This suggested that more conclusive evidence of cellobiose might be 
obtamed by exa minin g cultures contammg an excess of cellulose transferred to 
this temperature while active fermentation was m progress but before reducmg 
sugars had appeared Growth soon stopped at 68 C, but cellulose hydrolysis 
contmued After an incubation penod of 7 days osazones were prepared Only 
glucosazone was found from the cultures left at 55 C, whereas those transferred 
to 68 C yielded only cellobiosazone, mdicatmg that cellulase was still active but 
cellobiase was mactive at this temperature 

DISCUSSION 

The experimental data show that under the culture conditions employed the 
fermentation of small quantities of cellulose (0 15 per cent) occurs without the 
fonnation of demonstrable amounts of reducmg sugar If, however, larger 
amounts of cellulose are present, sugars accumulate durmg the later stages of the 
fermentation and after fermentation has ceased 

This IS mterpreted as mdicatmg that the utihzation of cellulose by stram 157 
takes place m two steps, hydrolysis and fermentation In the mitial stages of a 
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ture, fermentation proceeds sufficiently rapidly for all products of h} droK 
to be consumed This continues until fermentation products have accumuhtcd 
to the pomt at which they become inhibitoiy and fermentation stops 
drolysis, however, continues and reducmg sugars appear These sugars ha\c 
been shown to be cellobiose and glucose, and the evidence indicates that the 
ormer is an mtermediate stage m the formation of the latter The brealvdoim 
of cellulose to glucose is due to the activity of two difierent engines (1) a cel 
lulase which hydrolyzes cellulose to cellobiose and is active at 68 C, and (2) a 
cellobiase which hydrolyzes cellobiose to glucose and is mactive at 68 C 
The most reasonable hypothesis is that the reducing sugars accumulating m 
the old cultures are mtermediate products, not used because of the decreased 
rate of fermentation induced by toxic end products This h 3 'pothesis is in part 
invalidated, however, by the inability of culture 157 to use glucose Not onb 
reagent glucose but also glucose formed by its own hydrolytic enzjmes is not 
attacked This anomaly necessitates further study before an adequate c^lnna 
tion can be advanced 
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SUMMART 

Two pure cultures of thermophilic cellulose-decomposing bacteria ha\o been 
isolated from natural sources These constitute the first instances in vliich 
cultures of thermophilic cellulose-decomposing anaerobes have been isolated In 
direct methods which give assurance of culture punty The method is dcscnbcii 
m detail 

Quantitative analyses of the fermentation products of the pure cultures 
acting on cellulose have been made and fermentation balances set up Tlic 
products identified are carbon dioxide, hydrogen, ethyl alcohol, formic , 
acetic acid, lactic acid, succimc acid, and glycerol These account for 70 p<'r 
cent or less of the cellulose fermented, indicating that unidentified products arc 

also formed . 

The hydrolysis of the cellulose contmues after fermentation has cea'ca, in i 
the production of cellobiose and glucose The cellobiose can be fermenter^ ju 
the glucose cannot No satisfactory explanation of this anomaly has thu« ar 
been found 
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The report of Oakley, Warrack, and Clarke (1947) on the toxins of the Clos- 
tridium novyi (oedematiens) group and of Clostridium hemolyticum indicates 
the complexity of this topic and presents the pertment histoncal data It is 
known that the toxms C novyi and C hemolyticum involve a lecithmase catalyz- 
ing the hydrolysis of lecithin to phosphoiylchohne and a diglycende In view 
of the existence of such toxic enzymes as the lecithmases, it was considered pos- 
sible that the hemotoxms produced by these species might be related to lysoleci- 
thm This phosphohpid is a strongly hemolytic substance produced from leci- 
thin by lecithmase A activity and destroyed by lecithmase B hydrolysis to yield 
nonhemolytic end products We have demonstrated the abihty of lecithmase 
B to reduce the hemolytic potency of the toxms of C novyi, type B, and C 
hemolyticum, and this is taken as evidence for the presence of lysolecithm m these 
toxins 


METHODS 

Cultures and media The strains of orgamsms used are listed m table 1, their 
authenticity had been established by one of us previously They were mam- 
tamed m the followmg medium containmg desiccated beef heart particles 10 g 
tryptone, 2 5 g proteose peptone, 2 5 g peptone, 5 g glucose, 4 2 g NajEU^Oi (an- 
hydrous), 0 54 g KH2PO4 (anhydrous), 500 ml beef heart infusion, and 500 ml 
distilled water Tube cultures m this medium, incubated at 37 C for 24 to 48 
hours m Brewer jars, served as mocula for subsequent cultures The followmg 
medium was used for toxm production 30 g proteose peptone no 2, 10 g yeast 
extract, 8 5 g NaCl, 0 1 g MgSO^, 4 2 g NasHPO^ (anhydrous), 0 54 g KH2PO4 
(anhydrous), 1 g sodium thioglycolate, 100 ml beef heart infusion, and 900 ml 
distiUed water, 0 5 per cent glucose was added after sterilization Cultures m 
3,000-ml Erlenmeyer flasks were mcubated at 37 C for 24 to 72 hours m oat jars 
Growth was satisfactory with a 1 to 2 per cent inoculum, the final pH was m the 
range of 6 0 to 6 6 With C novyi, type C, and C hemolyticum, it was necessaiy 
to add about 10 g of desiccated heart particles to obtam satisfactory growth m 
flask cultures The clear supernatant liquids, obtamed by centrifugation after 
gassmg of the cultures had ceased, were saturated with neutral ammomum 
sulfate The coagulum which rose was removed, dissolved m a mimmiim 
quantity of distilled water, and dialyzed overnight through cellophane against 
cold mimin g tap water The nondialyzed matenal was centrifuged and the 
supernatant hquid reduced m volume to roughly one-half by vacuum distillation 
The concentrated toxic solutions thus obtamed were refngerated and used as 
needed 
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Preparation of lecithinase B A crude enzyme preparation, obtained b\ the 
method of Contardi and Ercoli (1933), was dned from acetone (yield S g per kg 
of rice bran) Enzyme activity was tested on lysolecithm obtained b\ the 
lecithinase A action of snake venom (Crotalus adamanleus, the Florida rattle- 
snake) on soybean lecithin Commercial lecithin was punfied by repeated 
treatments with ethanol and acetone until a light yellow product was obtained, 
It was stored under acetone in a refngerator About 25 mg of desiccated snake 
venom were mixed with 500 mg freshly dned lecithin in 50 ml of phosphate 
buffer, pH 7 0 The mixture was placed in a 45 C nater bath for 24 hours and 
the presence of lysolecithm ascertained by hemolysis tests (positive in dilution 
of 1 120 With rabbit erythrocytes) In later control experiments for Ij solccithin 
®g§ yolk suspension also served as a source of lecithin The yield of lysolecithm 

TABLE 1 


Strains of Clostridium novyi and Clostridium kemolylicum studied 


lie CtTJNG 
COLLECnOV 
^U1£B£K 

^A:UE OF OSGAKISU 

TVPZ* 

PREVIOUS CODE 
DEfilCVATlOV 

SOURCE 

842 

C novyi 

A 

N2IB 

Dr I M Danielson, I/C 
dcrlc Laboratories 

41 

C novyi 

B 

BD 19 

Dr A W Turner, 4u! 
traliB 

45 

C novyi j 

B 

BD Rose 

1 

Dr A y< Turner, Aus 
traha 

162 

B gigas 
(C novyi) 

(B) 

Demnitz 17 

Dr A Sordclli 

50 

C novyi 

(Kraneveld bacil- 
lus) 

C 

Strain I, bacillus 
osteomjlitis, ba- 
cillosa buba- 

lorum 

Dr r C Krnneicld, Ja\* 

808 

C hemolyticum 


2504 

Dr A M Jasmin, Mo" 
tana State College 


* According to Scott, Turner, and Vawter (1934) 


was greater under the latter conditions hemolysis in a dilution of 1 12,800 To 
test for the activity of the lecithmase B preparation, mixtures of tins enztmc 
and lysolecithm from both sources were made The lecithinase B preparttion 
reduced the hemolytic potency of the Ij solccithin bj 32- to 128 fold t ra., 
thus apparent that the nee bran preparation possessed lecithinase B actni ' 
Indicator techmaues for toxin aclivtly The determination of ecit lovi 
(L\0 values was performed as foUows Egg saline was prepared n remo m 
aseptically one egg yolk (hen) and mrxmg vith Z50 ml of stenlo 
pH 7 6 The latter solution consisted of 0 005 m calcium acetate m 0 h ) p ‘ 

sodium chlonde To the egg-j olk-salme mixture, 20 g of Ij'ohn or ‘ 

were added and the suspension was mixed and centrifugal to chn > 
supernatant was sterilized by passage through a Seitz filter fCO mm P i;, - 
m a refngerator, and used within 48 hours The toxins were dilut-d m 
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calcium salme, pH 7 6, all dilutions bemg made to a volume of 0 5 ml To each 
dilution -were added 0 5 ml of the egg salme, the tube contents were shaken 
gently, and the mixtures were placed in a 37 C water bath for 3 hours and then 
refrigerated overnight The LV values were graded from negative to four plus, 
dilutions showmg the same appearance as the egg salme similarly diluted were 
considered negative 

For the deterrmnation of hemolytic values, fresh rabbit eiythrocj’tes were 
washed at least three tunes with salme, pH 7 0, and used m 3 per cent salme 
suspensions The toxms were diluted m sterile calcium salme, pH 6 8, all dilu- 
tions bemg made to a volume of 0 5 ml To each dilution were added 0 5 ml 
of the erythrocyte-salme suspension, and the remamder of the procedure was as 
descnbed for the LV detennmations The hemolytic values were graded from 
negative to four plus, imder no conditions were readmgs accepted if the control 
tubes showed signs of hemolj'’sis 

For the determmation of lethal values, white mice, weighmg about 20 g, were 
used The toxms were moculated mtrapentoneally, usmg 0 5 ml of the diluted 
matenal Three nuce per dilution were moculated and the least amoimt of toxic 
preparation causmg death of at least two of the three mice withm 48 hours was 
taken as the MLD 

Action of lecithinase B on toxins To determine the effect of the lecithmase 
B preparation of the toxms, 100 mg of the enzyme material were suspended m 4 
ml of stenle calcium saline, pH 6 8, and 1 ml of toxic solution was added The 
mixtures were placed in a 37 C water bath for 24 hours and then tested for LV, 
hemolytic, and lethality values, smtable controls, without lecithmase B, were 
always mcluded 


KESXJIiTS 

The toxms were tested for LV, hemolytic, and lethality values, the results 
have been placed m table 2 Also mcluded are the results obtamed when 100 
mg of lecithmase B were mixed with 5 ml of a 1 5 dilution of the toxms and 
mcubated as mdicated above It can be seen that lecithmase B treatment 
of the toxms of C novyi, type A, did not affect the LV and hemolytic x alues On 
the other hand, similar treatment of the toxms of C novyi, type B (including B 
gigas), and of C hemolyticum markedly reduced the hemolytic values of these 
toxins, without affectmg the hemol 3 'sis due to the lecithmase (LV-mducmg) 
quota of these toxins It may be concluded that an additional hemob'tic factor 
IS mvolved in the “hemolysm” of these toxms, and this factor behax es as ly- 
solecithm The effect of lecithmase B upon lethahty v as tested for those toxins 
shown to contain a lysolecithm hemolysm Table 2 shows that such treatment 
caused a decrease m lethal action of the C novyi, type B, and C hemolyticum 
but not of B gigas On this pomt, howex’-er, reservation is advocated because 
the highest lethal dose moculated was 5 hlLD A lethal dose higher than this 
value could not be tested because of the problem of dilution The potency of 
the lecithmase B preparation was such that it could not be diluted past the 
levels reported, moreox’^er, the crude enzjmie preparation itself is toxic The 
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Kraneveld bacillus (C novyt, type C) ^as so weak m its act.;. tics 
that lecithmase B inhibitory action could hardly be evaluated 
_ A Partialy punfied preparation of Clostridium perfnngens, tjpe A, was stib 
jected to the action of lecithmase B No reduction in hemolytic lalues was 
noted with this toxin 


The data for the concentrated toxms presented above were compnratne mor 
many trials Pnor to ammonium sulfate precipitation the culture supomntmts 
were all tested similarly, and corresponding, though weaker, reactions verc 


TABLE 2 

Influence of lecithmase B on the LV, hemolytic, and lethality lahtes of toxins* 


lOXIK 

wrniooi MaHUMASE B 

1 vnm ixonnuASE D 

Number 

j Organism 

LV 

Hemolysis 

Lethality 

LV 

Hcinol 

>SiS 

Lethalitjr 

842 

C novyi, type A 

1 160 

1 320 

0 0001 6£ 

> 1 ICO 

1 320 

1 Not tested 

N241t 

C novyi, type A 

0 16 

0 04 

0 015 

0 10 

0 04 

Not tested 

41 

C novyt, type B 

1 

1 160 

1 6,120 

0 018 

1 ICO 

1 

1 320 

0 09 (5 MLD) did 
not kill 

45 

C novyi, type B 

1 640 1 

1 40,960 

0 02 

1 320 

'l 640 

0 05 (2 5 MLD) did 
not kill 

162 

1 

B gtgas 

(C novyi, type B) 

1 320 

1 2,660 

0 20 

1 320 

1 WO 

0 4 (2 MLD) 
killed 

50 

Kraneveld bacillus 
(C novyi, type C) 

1 8 

1 32 

Nonle- 
thal 1 

Not 

lested 1 

Not 

lested 

Not tested 

808 

Culture superna- ] 
taut of C hemo- 
lyticum 

1 1,280 

1 81,920 

0 0025 

1 040 J 

; 1,280 

0 25 (4 MLD) did 
not kill 


* Reported as highest dilution giving positive reaction The lethality ' alucs arc pvrn 
as the least amount (ml) causing death 

t Desiccated toxin values indicate least amount (mg) giMng reaction 


generally obtamed Only one exception to this generalization was noted m 
the case of C hemolylicum precipitation with ammonium sulfate caused a slight 
decrease m the hemolytic and lethal values under the prevailing conditions, in 
this case the data m table 2 were obtained vnth onginal culture mipomntant" 
We WTsh to mdicate here that the terminology used by Macfarlanc and ^ 
(1941) and others with regard to some of the lecithmases n m error ^ m 
enzyme responsible for the LV reaction is correctly named “Iccithinaco D an 
not “C ” This IS m accordance wntb the correct usage hj Contardi and J ' 
(1933), the ongmal investigators of this problem Lecithmas/' C is a cho r‘ 
phosphatase and catalyzes the hydrolysis of lecithin to j leld choIinc and a p * 
phodiglycende 
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DISCUSSION 

The data presented permit the conclusion that the lecithmase D activities of 
C novyz and C hemolyltcum toxms beai no direct relation to the lethal values^ 
The toxins lackmg a lysolecithin hemolysm showed hemolytic values very close 
to the LV values, mdicatmg the presence of a hemolytic lecithmase The toxms 
studied, with hemol5dic values in excess of LV values, mclude those of C novyi, 
type B, and C hemolyltcum It has been shown that theexcesshemolytic values 
probably are due to lysolecithm, on the basis of lecithmase B inhibition of 
hemolysis hloreover, some of the lethal action of the latter two groups of toxms 
appears attnbutable to the action of lysolecithm This is not surpnsmg smce 
Belfanti (1925) showed the marked c3d;olytic action of lysolecithm m bram, 
capillary endothehum, and white blood cells m addition to erythrocytes 

Oakley, Warrack, and Clarke (1947) demonstrated the existence of a toxm 
co mm on to C novyt, type B, and C hem-olyticum toxins, this was called beta 
toxm and acted as a hemolytic, necrotizmg lecithmase In our study the occur- 
rence of the lysolecithm hemolysm as a common toxic component is noted The 
function of lysolecithm as an antigemc component can be explamed on the basis 
of the assumption that this phosphohpid occurs m nature as a lysolecithoprotem, 
in the same fashion as its parent substance, lecithoprotem This assumption 
satisfies the serological data as well as the knowledge that the toxic component 
was precipitated by ammomum sulfate saturation and is not dialyzable through 
cellophane Denmitz (1934), Sordelli and Ferran (1937), Keppie (1944), Hay- 
ward and Gray (1946), as well as Oakley, Warrack, and Clarke (1947), supphed 
evidence to show that not all the hemolysms of C novyt, type A, and C novyt, 
type B, were identical hloreover, there were mterrelationships between the 
hemolysins of B gtgas (C novyt, type B) and C hemolyltcum We suggest that 
a common antigen of these toxms is the lysolecithm hemolysm descnbed above 

The possibihty that the nee bran preparation contamed substances other than 
lecithmase B is appreciated It may be admitted, however, that this enzyme 
was present and that certain differences were noted with some of the toxins 
The differences reported appear to be sigmficant and are not contradicted by 
existmg knowledge As for the hypothetical substances mvolved, they must be 
viewed as constitutmg such experimental risks as are common m enzyme chem- 
istry 
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SOMMAEr 

With lecithmase B, the specific hydrolytic enzyme acting on Ijsolecithin, 'I'j 
an indicator system, it was found that the toxins of Closlridium iioiyi, t\'pc II 
and Clostridium hemolyticum contained a hemolysin shoning the propcrtie-' of 
lysolecithin Treatment of these toxins with lecithmase B reduced letlnliti 
The toxms of C novyi, type A, and Closlndium perfnngens, ti pe A, do not con 
tain such a hemolysm The lecithmase D actmties of C novt/i and C hmolyl 
ticum toxins bear no relation to the lethal values 
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Through the intense study of biochemical genetics m recent years an msight 
has been gamed mto the mechanism of gene action, which m conjunction with 
previously known facts has made it possible to mvestigate the existence of gene- 
like determmants m organisms that do not lend themselves to ordmary genetical 
analysis The application of these developments has opened up the previously 
almost nonexistent field of bacterial genetics, and on the basis of recent evidence 
(Gray and Tatum, 1944, Lederberg, 1947) it is already fairly well established 
that at least some bacteria possess organizers that correspond to the genes in 
higher forms 

Bacteria, like higher organisms, are characterized by a great hereditary 
stability, even with regard to characteristics that are only potentially existing, 
such as adaptive enzymes This makes it necessary to assume the existence of a 
precise mechanism whereby the parental characteristics are exactly duplicated m 
the offsprmg A certam degree of mutability is still exhibited, the direction of 
which IS as a rule mdependent of external factors, and new characters thus 
established are passed on with the same precision as the ongmal ones The 
frequency of appearance of new forms is mcreased by destructive agents that 
mcrease the mutation rate m higher organisms And, as far as has been estab- 
lished, the function of the bactenal hereditary determmants seems to be the same 
as that of the genes m higher forms This is mdicated by the fact that artificially 
mduced variants with specific growth factor requirements are obtamable by the 
same methods as m sexually reproducmg organisms (Gray and Tatum, 1944) 
Presumably these variants are imable to carry out a particular chemical process 
m a synthetic reaction cham like similar mutants of Neurospora, although this 
has not been specifically demonstrated 

The work presented m this paper was started early m 1944, when the possi- 
bilities of new developments m the field of bacterial genetics were just begmnmg 
to be realized But even at that time a close resemblance between the basic 
hereditaiy mechamsms of bacteria and higher forms seemed so probable that it 
was decided to make an attempt to isolate not only the already known types of 
biochemical mutants, but also variants with specific genetic blocks m some major 
metabolic pathways, which then could be studied with the aid of such mutants 
The mam mterest was in the oxidative dissimilation of orgamc compounds 
Although variants of this type had not been obtamed artificially, they were known 
to occur m nature, so that no good reason was evident why they could not be 
produced But smce it was not certam that such mutations could be isolated 
from irradiated material, the process of nitrogen fixation was selected as a second 
choice, as it is known to be dispensable m the presence of mtrogenous compounds 
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offers suitable material for the study of the mechanisms of bo!h 
oxidative dissimilation and nitrogen fixation and was therefore chosen for thn 
investigation " 


MATERIALS AND JIETHODS 

The organism employed in this study was Azolobacler agilis, strains 4 4 and 1 
obtamed from Professor C B van Niel After several single colon\ isolations 
uniformity m colony size was attamed, and subsequently all experiments were 
started from single colonies A agihs is more satisfactoiy than other Azolobac.'r r 
species for these experiments because the cells are more easily separated and mo-e 
easily identified by microscopic examination 

The following basal medium (medium 1), made up in distilled ivater, was used 
when nothmg else is specified 1 per cent (vol ) ethyl alcohol, 0 1 per cent KdlPO,, 
0 02 per cent MgS 04 , 0 01 per cent CaSO^, 0 003 per cent FeSO,, and 0 0002 per 
cent NaMoOi The pH was adjusted to 7 2 with hydrochloric acid In solid 
media 1 5 per cent agar was mcluded The mcubation temperature was 2S to 
30 C Liquid media were usually agitated on a horizontal shaker to cn'mre 
imiform and rapid growth 

For the isolation of irradiated bacteria a partially selective medium of die 
foUowmg composition was employed (medium 2) 1 0 per cent (vol ) ethv 1 nicoliol 
0 01 per cent glucose, 0 02 per cent yeast extract (Difco), 0 04 per cent K.IIl'Ot, 

0 02 per cent MgSOi, 0 01 per cent CaSOi, 0 003 per cent FeSOi, 0 0002 per cent 
NaMoOi, 1 0 per cent (vol ) of a 0 04 per cent aqueous bromth 3 Tnol blue indicato- 
solution, the pH was adjusted to 7 2 The important features of this mcdnim 
are (a) alcohol is the only abundant energy source, so that colonics unable to 
utilize it for growth will appear small, (b) the low buffering capacity and the 
mdicator permit the formation of a small amount of acid or nlkah to be detected, 
(c) the total amount of nitrogen, added m the form of yeast extract, is so stand 
ardized as to permit only limited growth m the absence of nitrogen fixation, (d) 
the presence of the yeast extract should permit development of mutants rcquinag 
growth factors The use of this selective medium made the detection of v nnanf'i 
with disturbances m the mtrogen fixation or alcohol oxidation mcchnni'm? mo c 
probable, but did not discriminate agamst any types of mutants Tims th'’ 
probability of finding growth factor variants or mutants unable to oxidize gluccr-'' 
was the same as if colonies were tested at random 
Mutations were induced by X-ray treatment of 1 ml of a 40-Iir culture in 1 1 
basal medium The irradiation was earned out with an oil-coolcd X-ni> tub'’ 
operated at 200 kilovolts and 15 milliamperes The distance from the target -rxi 
47 cm when the dosage was 1 ,250 roentgens per minute The total ctpovire v- ^ 
150,000 roentgens, which killed approximatelj 99 99 per cent of the cell* 
remaining viable cells were plated out on the surface of medium 2 and m'-nt ’ 
for 3 to 4 dajs Small and otherwise aberrant colonies from there p at<- -'f 
tested for growth on medium 1 wnth alcohol alone or with glucose aloe'' ^ 
rule these tests were earned out on solid media to av o d lors of un=tab ^ v 
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If abnormal behavior was again observed, further tests were earned out m 
accordance with the suspected characteristics 
Growth was measured with the Evelyn photoelectric colorimeter and ex- 
pressed as 2 — log G 


RESULTS 

Several physiological mutants of A agtlzs were obtained by isolation from 
X-ray-treated cultures The data are not extensive enough to warrant a state- 
ment as to the mutation frequency, particularly smee the methods do not ensure 
detection of all mutants, but the indications are that the frequency is m the same 
order of magnitude as m other bactena The data from the irradiation experi- 
ments are summarized m table 1 

As shown in the table almost 8,000 smgle cell isolations were made from 
irradiated material, but only 383 colomes were specifically tested for altered 


TABLE 1 

Results of X-ray treatment of A agths 


EXPE&mXIKT 

X HAY DOSAGE 

NO AT START | 

1 

PERCENTAGE 

KTIT.TNG 

COLONIES 
ISOLATED 1 

COLONIES 

SFEdElCALLY 

tested 

PHYSIOLOGICAL 

STRAINS 

1* 

1 1 X 10' 

2 X 10« 

99 92 

1,600 

93 

1 

2 

— 

1 5 X 10® 

99 40 

4,960 

27 

0 

3 

1 6 X 10' 

1 6 X 10® 

99 997 

26 

1 

1 

4 

— 

5 X 10® 

99 95 

1,338 

192 

0 

5 

1 5 X 10' 

5 X 10® 

99 996 

70 

70 

1 


* A Coolidge type X-ray tube, operated at 100 kv and 5 ma, was used for 
this experiment 


physiological characteristics The majonty of these were small or otherwise 
aberrant colonies 

Of great mterest is the high degree of mutability with regard to colony form 
and size and possibly other characteristics that is exhibited on subsequent transfer 
of colonies from X-ray-treated material A further study of this latent vanation 
would certainly be pertment, but little attention was given to it m this work, 
smee its significance was not realized at the outset In all probability this 
phenomenon is a manifestation of the same mechanism as the latent variation m 
Eschertchta colt, which has been reported by Demerec (1946) The possibility 
seems very attractive that the same factors might also be responsible for the 
instability of some of the biochemical strams 

Morphological variants, mvolving colony form and color, are quite frequent 
The parent stram forms a greenish-yellow water-soluble pigment, but approxi- 
mately 20 per cent of the viable irradiated population m each experiment were 
no longer able to form the pigment Similarly, a high proportion of rough colony 
variants, up to 40 per cent, was found in the treated matenal, whereas the ongmal 
strain consisted entirely of smooth colony variants 
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Physiological variants other than colorless ones are less frequent!} cncounfcroil, 
but they are of the same kind as those already described m other orgamsms m the 
sense that they lack the ability to form certain compounds required in (he nomni 
metabolism 

A discussion of the biochemical characteristics of the mutants is present helou 
Pigment variants As already mentioned, among the most common inrnnt-. 
are those lackmg the ability to form the diffusible greenish pigment that is char 
acteristic of A agihs These mutants appear like the normal strain i\hcn proMii 
in shaken liquid cultures without combined nitrogen, but grow th is \ er\ sliglit on 
solid media of the same composition and is slow in stationary test tubes Sold 
media supplemented with yeast extract support good gron th, and at lost some nf 
these ^ ariants give a response to added ammonia, iiliich inhibits tlie nornnl '-tr'iin 



Fjgure 1 Growth of strain A3 in medium 1 in the presence and in the ati'cnee of r!l ,! 
alcoho! with different amounts of yeast autoijsate (3 iJ8>8; 


to some extent The slight growth obtained on the solid bn'-'il modium npf> 
glossj', and microscopic examination rei cals large, refractilc glo nilcs m 
cells Motility is absent These mutants arc rather stable and iiai c m 
obsen ed to revert The fact that they differ from the other kinds of ph ^ 
cal mutants, occumng more frequently and being more stalilc, ^iiggc- ' 
may be formed by' a different mutation path 
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The second physiological mutant, sliam A5, was also unstable, possibl}" no less 
so than A3, but since moie expeiience had been gained at that stage, this vaiiant 
was chaiacteiized as quicklj’’ as possible without anj"- tiansfeis except to the fiist 
plate, wheie giowth was veiy uniform The colonies fiom this plate weie then 



Figure 2 Growth of strain A5 on medium 1 containing 1 per cent ethjl alcohol and 
different amounts of 3 east extract (Difco) Incubation time, 3 da\s 



Figure 3 Growth of strain A5 in medium 1 supplemented wath l leucine Incubation 
time, 4 da 3 s 

used for all the subsequent tests Giowdh was proportional to the amount of 
5'^east extiact added as showai by figure 2, and casein h}’^drotyzate seemed to con- 
tam loughly three times as much of the required substance as the yeast extract 
Fmally the ammo acid leucine was identified as a grow th factor foi this stram, as 
is indicated m figure 3 
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^ATien the fiist tiancfei of stjain A5 to 0 5 pei cent extrn t « is in nf 
gio\\-th was ven- homogeneous so that all the colonics ippened iliki sl,Ai!li 
Jougb, and aceiage ni size Fiom then on difficiiltics were ciKonnlcnd Ixi ni 
of jnstabilit 3 , and a unifonn cultine with the oiigind chuKtcri'tKs (otild no* 
be re-established Giowth occuned e\en on the Insd medium ifter i limi: iiiiti i! 
lag period, during which the cells neie filamentous, similar to tliO'C 'limui !a 
Den Dooien de Jong (1938) "When adapted these elongated forms innsiorinf d 
mto the ordinaiw' spherical cell tj-pe 

T ananfe iiit/i diMurhed energy melabohsm The last plnsiologu d \ irnnt 
isolated, stiain A13, was detected a« a colom unable to utilize glue O'C for gmutli 
TdTien giocvn on alcohol, it was indistinguishable fiom the paicnt strun V Iii;;!i 
degree of stabilitc’ was indicated b\ the findmg that in a liquid medium c out nniiu 
both alcohol and glucose the total growth coue^pondecl onlj to tlic ilioho' 



A4 4 A13 

ETHYL ALCOHOL 

Figure A Orow th of strains 44 4 and \13 on 


Ml VH 

OK cost 

medium 1 coni iinnu ilf'dinl nr clu" 
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tartarate, trans-acomtate, cis-aconitate, a-ketoglutarate, succinate, fumarate, 
malate, lactate, and pyruvate 

Figure 4 IS a photograph of the growth of the original and mutant strams with 
alcohol or glucose as an energy source 
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SUMMARY 

It has been demonstrated that X-ray-mduced mutants are obtamable in 
Azotohacter agilis Morphological variants, mvolvmg colony form and color, oc- 
cur frequently, and physiological mutants have also been produced 

A special search was made for variants with disturbed energy metabolism, and 
a rather stable mutant was discovered which, because of a complete genetic 
block, IS unable to convert pyruvate to acetate Smce acetate or its derivatives 
are essential for growth, this mutant is not able to develop on substrates such as 
glucose and succmate, which are arrested at the pyruvate stage 
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It IS well estabbslied that the bactenxun Thiobacillus ihiooxidans is capable of 
growing in very strong mineral acid solutions and of producmg, from elementary 
sulfur, sulfuric acid solutions more concentrated than 1 N and a reaction con- 
siderably below pH 1 This organism had been considered imique m its toler- 
ance to acid imtil Starkey and Waksman (1943) demonstrated that certam fimgi, 
Aconhum velaium Moore, and an umdentified dematiaceous mold were able to 
develop m a medium imtially as acid as 2 5 n sulfunc acid and m a normal sul- 
furic acid solution saturated with copper sulfate 
We were able to confirm the tolerance to extreme acidities of some fungi with 
three isolates and tolerance to copper suEate with two of them The first isolate, 
no 7752, was obtamed from a bottle of n/5 sulfunc acid reagent, the second, no 
9010, from soil rubbish picked up from an athletic runmng track, and the third, 
no 9024, from another sample of standard sulfunc acid reagent 
Numbers 7752 and 9024 are possibly the same as Starkey and Waksman’s 
umdentified dematiaceous mold It has been tentatively identified as Tncko- 
sporon cerehnforme (Kambayashi) Ota by Dr R L Bouthilet Difficulties m 
gettmg authentic cultures for companson or ongmal descnptions pubhshed m 
Japan have made it impossible for him to make an absolute identification as yet 
The third isolate died out before it was identified 
The first experiment demonstrates that when T cerebnforme (which breaks 
up readily mto what we mterpreted as arthrospores, but Starkey and Waksman 
as chlamydospores) is moculated, m amounts so small as to be mvisible m the 
culture, mto a medium consistmg of 1, 1 5, or 2 n solutions of sulfunc acid plus 0 1 
per cent glucose and 0 1 per cent peptone, a growth results easily visible as dark, 
almost black, globose masses of hyphae Growth was evident m about 10 days 
with the 1 N acid solution, but prolonged mcubation was necessary to obtam 
the maYimnm 3 aelds The mcubation was at room temperature 
The second experiment was m part a confiirmation of the first Narrow- 
mouthed bottles of about 400-ml capacity, half filled with media, were used 
Some were sealed with glass stoppers, others were plugged with cotton wool 
The media m the second experiment were essentially the same as m the first, 
except that some were more strongly acid, and some were not autoclaved The 
normahties of the media were detemuned before and after mcubation FoUowmg 

1 Present address Coca-Cola Bottling Company, 2035 S E Umversity Avenue, Minne- 
apolis 14, Minnesota 

- Present address Department of Bacteriology and Pubbc Health, ‘Washington State 
College, Pullman, Washington 
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the prolonged incubation the viability of the cultures was tested b\ phtinc on 
4 petn plates, using potato glucose agar, 1-ml portions of Rater blink-, c’cii 
blank containing 4 loopfuls of the thoroughly shaken culture Such sninll inotuh 
do not prove that the mold was no longer alive in those cultures in whicli it ri- 


TABLE 1 

Growth of two isolates of molds in acid media 


NUJfBEB or ISOLATE 

NOBilALiry OP SULTURIC 
ACID 

ACE or CSODTTI 




days 

7752 

1 

0 

07 

7752 

1 

47 

67 

7752 

2 

04 

103* 

7752 

2 

04 

103* 

9024 

1 

0 

58 

9024 

1 

47 

58 

9024 

2 

04 

5S 


’ No visible growth in 67 days 
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CUITtnUE 
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7752 

7752 

7752 

7752 

7752 

7752 

9010 

9010 

9010 

9024 

9024 

9024 

9024 

9024 

Control 

Control 

Control 

Control 

Control 


TABLE 2 

Growth and viability of molds on prolonged incubation in aetds ^ 


STOPPER 


Cotton 

Cotton 

Cotton 

Glass 

Cotton 

Glass 

Cotton 

Cotton 

Glass 

Cotton 

Cotton 

Cotton 

Cotton 

Cotton 

Cotton 

Cotton 

Glass 

Glass 

Glass 


AUTOCLA^XD 


+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 


+ 


^0^1IAllIV or AQD 


Initial 


00 

47 

0 

04 

49 

56 

0 

47 

0 

0 

47 

04 

04 

49 

0 

49 

0 


1 47 

2 0 


Final 


40 

32 

92 
20 
52 
76 

94 
23 
07 
25 

93 

95 
5S 
8-i 
51 
01 
.12 


2 07 


days 

07S 

678 

078 

713 

078 
724 
522 
522 
509 
609 
«i9 

coy 

009 
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C7S 

678 

079 
079 
079 
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+ 
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tlieie Mas a tendency foi the isolates to die out in prolonged incubation, especially 
wheie the acidity uas alloued to inciease by evapoiation 

A single expel iment uith 1 n hj'diochloiic acid uith the addition of 0 1 per 
cent each of glucose and peptone indicated that cultuies of T ccrchnforme giew 
in othei mmeial acids of high titei 

It M^as fuithei found that a solution of 280 giams of CUSO 4 5 H 2 O, 1 giam of 
glucose, and 1 giam of peptone pei liter of 1 n sulfuiic acid allowed good develop- 
ment of both isolates of T ccrebnformc This also confii ms the amazing findings 
of Staikej’- and Waksman, findings which, incidentallj^ have been doubted by 
certam mdividuals 

Although pH deteiminations weie made, thej aie not lepoited The gieat 
inaccuiacies of measuiements with the glass electiode of hydiogen ion activities 
at the pH values wdnch were less than 1, and indeed in manj’- cases less than 0 


I 



I'lguie 1 Gro\i tli of mold in 2 x sulfuric acid solution 


aie such that deteiminations of noimahties in these pooilj’^ buffered solutions are 
more meaningful 


SUMMARl 

A fungus piovisionall}’’ identified as Trichosporon cerebiiforme w'as found to 
glow' in 1, 1 5, 2, and 2 5 noimal sulfuric acid foitified wuth the addition of 0 1 
pel cent glucose and 0 1 pei cent peptone Anothei isolate of the same species 
and an unidentified mold giew at noimahties of 1, 1 5, and 2 Both isolates of 
T cercbnforme giew in a solution of 280 g CUSO 4 fiHoO, 1 g glucose, and 1 g 
peptone per liter of 1 n sulfuiic acid 

REFEREXCE 
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ENZYMIC ACTIVITY OF BACTERIOPHAGE-CULTURE LYBATES 
I A Capsule Ltsin Active against Klebsiella pneumoniae Type A‘ 

JAMES C HUMPHRIES' 

Deparimeni of Bacteriology, University of Kentucky, Lexington, Kentucky 
Recefved for publication July 19, 1948 

Certain strains of bactenophage produce plaques surrounded by zones in which 
the bactena are not dissolved but in which the bacterial film has become more 
translucent and thinner than the suxroundmg normal bactenal growth In 
contrast to the plaques proper, which do not noticeably mcrease m diameter after 
the first few hours of bactenal growth, these zones gradually increase in width as 
incubation is prolonged (Asheshov, 1924, Sertic, 19290,6, Boulgakow, 1929, 
Gratia, 1937, Rakieten el al , 1940) The bactena within the zones are viable 
and may, upon transfer, give rise either to normal growth when not contammated 
by phage (Sertic, 1929a) or, usually, to secondary, resistant cultures if the phage 
has diffused extensively from the plaques (Rakieten el al , 1940) 

The mechamsm of the zone production seems first to have been studied by 
Sertic (1929o,6) Workmg with a zone-producing Eschenchia coh, bacteno- 
phage system, this author obtained, free from bactena and bactenophage, a 
“lysm” that reproduced the zone in either hvmg or chloroform-lulled films of the 
E coh culture The activity of this lysm was proportional to its concentration, 
and it was not repioduced m the absence of the phage In later publications 
(Sertic and Boulgakow, 1937, Sertic, 1937), it was demonstrated serologically 
and by phage and lysm sensitivity tests that the lysin specifically removed an 
antigemc membrane from the surface of the E coh cell The lysm caused no 
apparent harm to cell vitality, and progeny of treated cells agam produced the 
antigenic coatmg m the absence of the lysm 

EXPERIMENTAL DATA 

In the present paper studies on the demonstration, on the separation, and on 
some of the characters of a lysm (to be referred to hereafter as C lysm) produced 
by a Klebsiella pneumoniae, bacteriophage system are reported One stram of 
Klebsiella pneumoniae, type A (108M), has been used m most of the experiments 
This stram produces a well-defined capsule and is virulent for nuce 

The bactenophage used was isolated m 1943 from sewage plant effluent and was 
obtamed m pure hne by successive smgle plaque isolations It has been mam- 
tamed m the form of filter-sterilized lysates at refngerator temperature This 
phage stram, designated as “phage IMA8,” appears to be type-specific m its host 
selectivity of the encapsulated strains thus far tested, the 5 type A Fnedlander 
cultures are all susceptible to the lytic action of this phage, whereas the 1 type 

‘ This study was aided in part by a grant from the Keenland Foundation A preliminary 
report has appeared in abstract form in the Journal of Bacteriology, 64, 25, 1947 
' Keenland Foundation Research Fellow 
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B K pneumoniae culture, the 1 type C K pneumoniae culture, nnd the2 cticnp 
sulated Aerobacter acrogenes strains are resistant The phage also fails (o 
Fnedlander strains m the smooth culture phase even though these cultures haie 
been obtamed from type A strains The plaques produced b\ this plnge in 
culture films on 1 5 per cent agar media average less than 1 mra m diameter and 
are surrounded by marked zones that jncreaso in diameter on conttmux} tncii 
bation Both m its type specificity and m zone productivitj this phsge i^ like 
the Klebsiella phages described by Hakieten el al (1940) 


Production and Titration of C I/ysin 

Broth composed of tryptose 2 per cent, glucose 0 25 per cent, XnCl 0 5 per ion!, 
NaiHPOt 0 25 per cent, and bromthymol blue (1 G per cent ale ) 0 1 per cent nnd 
adjusted to pH 7 5 ivas used in the routine production of phage lysates 'flib 
broth TV as moculated heavily vith a young broth culture of strain lOSM, infeclo/l 
with phage MAS, and meubated until mass lysis had occurred Witiiin tho 
limits concomitant with mass Ijsis, the greater the ratio of bacterium to plingo 
mocula the greater the yield of tysin The glucose m the medium h>'i‘'tcn''d 
bactenal growth and mass lysis and resulted m increased yields of C h mo '1 li*' 
development of excess acidity dunng incubation iias prevented 1>> nciilnlintm i 
from time to tune vith N NaOH solution Lysates vcrc sterilized lij filtrntpn 
through porcelam (Selas, 02 porosity) filter candles and stored at refrigcnto-- 
temperature 

The presence of C lysm m these phage filtrates can be tested !>> the spot morn 
lation of loopfuls of filtrates onto the surface of adult growth films of llio 
ceptible orgamsm, followed by mcubation Under these conditions no ph^u^" 
are formed, but zone-type clearmgs appear m the bacterial grow th at tiie '=itri o! 
moculations 

Separation of lysin and phage Phage inactnation without Ij-'in destnict'OT 
has been achieved by heating filtrates to 70 C for 30 minutes or bv fldf in^ 
suflficient fonnalm to filtrates to give a final formalin concent rat ion of 0 5 p"r rrn 
By these procedures the l5d,ic activity of the phage i-, destroyed Ifoae.ir, 
phage particles presumably arc still present, and the po^sibilitj remamei 1 
zone production might be another more stable manifestation of dirert p - 
action on the cell In order to pro^e lysin activitj to be independent ol 
phage, it seemed necessary to obtain n pbage-free zone producing filtrate 
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For use, the membranes are backed by filter paper, supported on a perforated 
aluminum disk, and inserted in a Seitz filter apparatus m the position of the usual 
filter pad Leakage is pi evented by two rubber washers, one plaeed beneath the 
alummum disk and the other on top of the collodion membrane The top of the 
filter apparatus is then clamped securely m place and the filter is ready for use 

The membranes were graded on the basis of the time required for 1 ml of 
distilled water to pass through 1 cm’ of membrane area at 50-cm negative pressure 
(Asheshov, 1933b) 

Filter-sterihzed phage lysate was passed through each membrane of a senes, 
and the ultrafiltrates were tested for phage activity and for abdity to produce 
zone-type clearmgs m surface culture growth of Klebsiella pneumoniae 108M 
An ultrafiltrate was considered to be phage-free when it was not possible to 
demonstrate the presence of phage by the plaque method followmg the platmg of 
0 1-ml volumes of the filtrate of a young broth culture inoculated with 1 0 ml of 
ultrafiltrate and incubated overnight before filtenng Membranes with a rate 
of flow of 180 seconds or less usually allowed passage of both the phage and the 
lysm, whereas membranes with a rate of flow of 180 seconds or slower held back 
the phage and allowed passage of the C lysm Phage-free, C-lysm-active ultra- 
filtrates will subsequently be referred to as “C lysm UF ” 

C lysm is apparently nontoxic to the bacterial cells Strain 108M grows 
equally well m broth, m broth contaimng C lysm UF (20 per cent), and in broth 
contaimng heat-inactivated C lysm UF (20 per cent) 

Titration of C lysin The zone type of clearmg produced by the lysm furnishes 
the basis for a simple yet fairly accurate method of titratmg the C potencj’’ of 
ultrafiltrates Twofold or fourfold serial dilutions of such preparations are 
tested for their ability to produce clearmg in a film of bacterial grov th imder the 
followmg standardized conditions 

A sterile petn plate is placed on a plane surface and a 25-ml portion of proteose 
peptone no 3 agar* is poured mto it and allowed to harden The entire surface 
of this plate is then inoculated vath stram 108M by covering the agar ivith a 
turbid broth culture, the excess fluid bemg removed by means of a capillary 
pipette The glass petn plate top is then replaced by a top of porous clay, and 
the plate is mcubated (on the plane surface) until the surface of the agar appears 
dry The glass plate top is resubstituted, and the plate is inverted and mcu- 
bated at 37 C overmght This technique results m an even film of gron tli on 
the agar and is reproducible 

In the titrations, one 3-mm loopful of each ultrafiltrate dilution is placed on 
the agar surface growth and the plate is mcubated at 37 C for 18 hours The 
greatest dilution causmg maximum clearmg is read as the end point C strength 
can also be estimated, somewhat less accurately but more rapidly, by noting the 
rate of zone-clearmg production of undiluted ultrafiltrates in these standard 
agar plate cultures The C lysm UF used m the following experiments had a 
titer of 1 to 32 

’ Proteose peptone no 3 (Difco) 2 0 per cent, NaCl 0 5 per cent, Iva HPOi 0 25 per cent, 
agar 1 6 per cent, and H.O, distilled, 1,000 ml 
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The Capsule-dmolmng Action of C Lysm 

The thinness and translucence of the bacterial film composing the zone and 
the fact that smooth (nonencapsulated) culture variants of Klebsiella pneumomar 
produce thinner and less opaque growths than their mucoid procureore suggested 
that the lysm caused decapsulation of the cells This hypothesis was demon- 
strated to be correct by several complementary techniques using actively growing 
cultures, killed cell suspensions, or both 
Antigenic analysis in intro experiments The lOSM cells are agglutinated b} 
type A antiserum but fail to be agglutinated by an antiserum against its S culture 
phase variant Since type specificity is associated ivith encapsulation and since 
the only Icnown structural difference between the M and S culture phase cells is 
the presence of the capsule around the M cells, it seemed reasonable to expect 
that dissolution of the capsule would result m a loss of agglutinabihty in pure M 
antiserum and a gam of agglutinab±ty in S antiserum Tins hypothesis was 
tested as follows 


TABLE 1 


Effect of C lystn on the antigemc structure of strain 108M 


CULTtraE GROWN 
W PRESEKCE 07 

ANTI 

SERUM 

SERUM DaUTIONS 

I cov 

not 

20 

40 

80 

160 

320 

640 

1 280 

2 560 

5,120 

10 240 

20 4V1 

C lysm 
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0 

0 
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G 
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G 
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G' 

G' 
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Heated C lysm 
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F 

F 
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— 
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0 
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— 


S 
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P 

F' 

— 
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0 

0 

' 0 

0 

0 
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- ! 
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M = monospecific anti-lOSM-serum — <= no agglutination 

S = anti-lOSS serum, titer 1 10,240 0 = not done 

P = floocular agglutination f = finely 

G = granular agglutination 


An anti-S rabbit serum was prepared agamst an S sector variant culture of 
108M It agglutmated the homologous culture to a titer of 1 10,240 but failed 
to agglutmate stram 108M A monospecific antiserum was prepared by the 
adsorption of the noncapsular agglutinins from an anti-108M rabbit serum b> 


means of S sector variant cells 

In the first test of the effect of C lysm on antigemc structure, the following 
experiment was performed Stram lOSM was grown in tiyptosc glucose broth and 
m tiyptose glucose broth to which had been added cither C lysm UT orhext- 
mactivated C lysm UF (25 per cent by volume) After Gi hours’ incubation at 
37 C formabn was added to each culture to give a 0 5 per cent final concentration 
The ceUs were then washed by centrifugation, suspended m 0 5 per cent forma 
limzed phjsiological saline, and set up against x arxnng dilutions of mono-pmiir 

anti-M-senim and of anti-3-serum in tube agglutination tests 

Incubation was earned out m a 37 C water bath for 18 1*0“^ "i Vk 

read macroscopically The data are summanzed m tabic 1 Hit-i dAa ckxrf 
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show that the growth of 108M m the presence of C lysin results m a loss of tjTpe- 
specific agglutinabihty of the cells and that such cells have become agglutmable 
by S phase antiserum These results have been confirmed by evposmg forma- 
hmzed 108M cell suspensions to C lysm UF and to heat-mactivated C lysm UF 
followed by agglutmabihty tests Here, also, the C-lysm-treated cells had be- 
come magglutinable by monospecific M antiserum but were agglutinated m high 
titer by the S antiserum, whereas the heat-mactivated C control suspension had 
retamed its type specificity and its magglutmabdity m S antiserum 

The gam of agglutmabihty of the C-treated 108M cells m S antiserum was 
agam demonstrated m the followmg experiment Stram 108M was grown m 
tryptose glucose broth to which had been added S antiserum (1 per cent by vol- 
ume) and either C lysm UF or heat-mactivated C lysm UF (20 per cent by vol- 
ume) In the cultures contammg active C lysm, growth occurred m the form 
of granular clumps (typical “0” type agglutmation), whereas m the cultures m 
which mactivated C lysm was present there developed an even turbidity The 
possibihty that M to S culture phase dissociation might have occurred was ruled 
out by transferrmg a loopful of the granular growth from the C lysm tube to a 
tube conta inin g mactivated C lysm and S antiserum The resultmg growth 
occurred evenly dispersed throughout the medium 

In mvo experiments In order to determine whether C-treated cells had also 
lost the abfiity to stimulate the production of t 3 T)e specific antibodies, the fol- 
lowmg experiment was performed Culture 108M was grown m 20 per cent C 
Iji-sm UF tryptose glucose broth until the culture was qmte turbid The culture 
was then formahmzed The cells were washed twice by centrifugation and resus- 
pended m 0 5 per cent formahmzed physiological salme By the tube techmque 
this suspension failed to be agglutmated by the monospecific M antiserum m a 
dilution of 1 20 but was agglutmated to a titer of 1 5,120 m the S antiserum 
Two rabbits were then each given a senes of 6 mtravenous mjections with m- 
creasmg doses of the suspension Nme days after receivmg the last mjection 
tnal bleedmgs were made and the sera were tested for agglutmatmg activity 
against the formahmzed C-lysm-treated suspension and agamst a formahmzed 
untreated suspension of culture 108M Although agglutinins agamst the C-lysm- 
treated cells were present to a high titer (1 8,192 and 1 16,384, respectively), 
these antisera failed to agglutinate stram lOShI even m a dilution of 1 2 Judged 
by the agglutmation test, C-lysm-treated cells are no longer able to stimulate 
type-specific antibodies m the rabbit 

Cell volume determinations Dissolution of the capsule should result m a 
marked reduction m cell volume The followmg experiment was performed m 
order to dete rmin e whether C lysm treatment results m a reduction m cell volume 
Ahquots of a formahmzed (0 5 per cent) young, turbid, tT3T)to5e glucose broth 
culture of 108M were subjected to C lysm UF and to boiled C lysm UF (25 per 
cent by volume) for 4 hours at 37 C iMicroscopic ceU counts were made on 
smtable dilutions of each suspension utdizmg a Zeiss bacterial countmg chamber, 
and mass ceU volumes were measured by the Hopkms techmque (Hopkins, 1913) 
The data thus obtamed are s umm arized m table 2 

As the result of C lysm treatment the total ceU volume of a 3-ml ahquot was 
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leduced from 0 060 ml to 0 015 ml (a 75 per cent reduction), and this reduction 
was due, ^ the ceU counts indicate, to a decrease in average cell sire rather than 
to a reduction in cell numbers Similar expeiiments have confirmed that, under 
these conditio^ of culture, a 75 per cent decrease in cell a olumc is about aacn-o 
for stram 108M foUovnng exposure to C lysin ” 

Phage smcephhtUy test Sertic (1937) found that the lysm studied ba h.m 
rendered the E coli cells subject to the lytic action of certain other phages against 
avhich this culture avas normally resistant He attributed this dea doped eih- 
ceptibihty to the remoaml by the lysm of a surface coating from these cells, ren- 
denng the bodies of the microbes available to other bacteriopbagic l>-sins o 
have in our coUection a phage aa-hich is lytic for the S sector a ariant culture of 
stram 108M but avhich fails to l 3 'se the parent culture It seemed reasonable to 
expect that if C lysm decapsulated these type A cells, they might be subject to 
lysis by the S phage This was found to be the case No lysis of strain lOSM 
occurred m tryptose glucose broth contaimng heat-inactivated C bsin UF (20 
per cent by volume) and phage S8 However, aahen this medium containing like 
concentrations of C l 3 ’’sm HP and phage S8 was inoculated with an amount of 


TABLE 2 

Effect of C lystn on (he cell volume of strain 108M 


CELLS EXPOSia to 

COCTNt 

KO 

DtRECr CELL COUNTS J/25 SQ lOf 
ABEAS 

A\'tBACE COUNT 
1/25 SQ UU 

APTSOX NO CTLIS 
PCX UL 
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rvi 3 yt 

C b’Bin 
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72, S3, 91,88, 90, 90, 
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65,04, 76, 65, 101, 66 

1 73 

1 



Heated C l 38 in 

1 

80, 90, 75, 70, 82, 78, 

79 

J 79 




2 

82, 83, 66, 84, 77, 81 

79 





108M suspension sufficient to give visible clouding, b'sis followed Furthermore, 
the phage could be transferred serially on 108M organisms so long as C l 3 Ein was 
mcorporated m the medium On the basis of these experimental results, the 
conclusion seems narranted that, in vitro, C lysm completely remoxes the capsule 
from both hvmg and formalin-killed cultures of the type A Klebsiella pneumoniae 
stram tested 

Efeci of C lysin on SSS SSS was prepared from strain lOSM as follov-, 
Tnenty-f our hour tryptose glucose agar cultures of this strain uerc suspended in 
ph 3 'siological salt solution and autoclaved for 15 mmutos at 15 pounds pre -ure 
The cells were then thrown down by centrifugation and discarded The super 
natant fluid was made slightly alkaline bj the addition of \ NaOfI, ‘vlmm 
acetate was added to 2 per cent concentration, and the fluid v as diluted with » 
volumes of 95 per cent ctb 3 l alcohol At this point a f iirl} x oluminous pn eipi- 
tate formed -ifter 24 hours’ storage m tlic refrigerator, the precipitaU wy 
collected on a fntted glass filter, washed with sex era! -mall portions rd ako lo 
redissolxed m x^ater, and sterilized b3 filtration Tiiisfc^'i -olutim, x ^ 

against a monospecific M antiserum, xvas precipitated to '' tit^ r o" I lOf/XJ, b i* 
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failed to give t positive precipitin test with a strong S antiserum m a dilution of 
1 10 

Treatment of this SSS preparation with C lysin UF caused no significant reduc- 
tion in its precipitinogen activity The results of an experiment of this nature 
are summarized m table 3 It may be seen from this table that SSS precipi- 
tmogen actmty was the same after treatment with C lysin UF and ivith heat- 
inactivated C lysin UF 

Liberation of SSS from cells by C lysin The inability of C Ij sin to destroy 
SSS has been confirmed by the follovmg experiment Four-ml volumes of a heavy 
suspension of 0 5 per cent formahmzed 108M cells m broth were treated with 
1-ml volumes of G lysm UF or heat-mactivated C lysin UF The cells were then 
removed by centrifugation and the supernatants tested for SSS, usmg the pre- 

TABLE 3 


Effect of C lysin on prccipiltnogenicity of capsular polysaccharide 





1 

1 



TUBE NO 

BROTH 

SSS 

C I.VSIN 





1 1.000 


ml 

ml 

ml 

ml 



1 

4 

i 

a 

None 

i 


-f 

2 

4 

i 

i 

None 


"h 


* After incubation 37 C/48 hr 

TABLE 4 

Liberation of SSS from formaltntzed lOSM cells by C lysin 


TUBE NO 

lOSM sus 
PENSION 

C LVSIN 

HEATED C 
LTSIN 

CELL VOL t 

rSXCIPrrD.OCEN IIIEXS* of SUPEXNATAUISt 

1 10 

1 200 

1 1,000 


ml 


ml 





1 

4 

1 

None 

0 007 

++++ 

-1-++ 

— 

2 

4 

None 

1 

0 017 

+ 

— 

— 


* Monospecific 108M antiserum used 

t Incubation 37 C/4 hr followed by centrifugation in Hopkins tubes 


cipitm test The results of this experiment are summanzed m table 4 As can 
be seen from these data, treatment of the formahmzed cells vnth C lysm resulted 
in the appearance of precipitable SSS m the medium 

Physicochemical Properties of C Lysin 

Stability These C lysm filtrates and ultrafiltrates are qmte stable Storage 
at refngerator temperatures for periods of several months has resulted m no sig- 
nificant deterioration m C activity The stabihty, at least for short time mter- 
vals, is relatively mdependent of pH Exposure of filtrates to varjnng hydrogen 
ion concentrations from pH 9 to pH 5 for 4 hours at room temperature resulted 
in no appreciable loss of zone productivity However, further mcrease in either 
acidity or alkahmty caused progressive loss of C activity 
Compared to phage MAS, C lysm is relatively heat-stable However, the 
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lysm m readily inactivated by heat, 80 C for 10 minutes results m some lo.. of 
activity, and 85 C for 10 mmutes results m complete inactnation 
NoMialyzabihty and precipitabihty C lysm fails to diffuse through cellophane 

membranes, nor does dialysis result in any loss of actn it} Prolonged dnhsN 
does not result m precipitation of the active principle ' Hovc\cr, C hsm is 
readily precipitated Thirty per cent saturation vith ammonium sulfate pre 
cipitates most of the activity, and 40 per cent saturation salts out all of it TJie 
precipitate is readily soluble in water and no loss of activity occurs Precipita- 
tion also occurs upon the addition of 2 volumes of acetone or of 5 \olumc 3 of 
per cent ethyl alcohol jExposure to the alcohol must not be prolonged as actu it \ 
IS destroyed by this reagent Acetone seems to be less destructive 

C Lystn Specificity 

The correlation of phage lytic activity with serological t}'pe spccificitj stig 
gested that C lysm capsule-dissolving action might be specific for t}'pe A capsular 

TABLE 5 

Specificity of C lysm 


STRAtN 

TYPE C 

ivsiv ACTtnrr 

Klebsiella pneumoniae, Sc 

A 

+ 

tt 

it 

16 

A 

4* 

it 

ti 

103 

A 

+ 

H 

it 

145 

A 

+ 

(t 

it 

2 

B 

_ 

it 

ft 

3 

C 

- 

Aerobacter aerogenes , 

K 


— 


ft 

CIP 


— 

Klebsiella pneumoniae, 108 

A 

+ 


= zone produced 
— = no zone produced 

material To test this point C lysm UF was c'amined for zono-lype clearing 
activity against 4 additional type A Fnedlander strains, 1 t}pe B A pnrumonwi , 
1 type C K pneumoniae, and 2 encapsulated AerobaclcT acrogcncs strains 
Young broth cultures of each of these bacteria were sracar-strcakcd onto por 
tions of the surface of an agar plate so as to give isolated solid patches of gro.' 1 1 
Stram 108M was included as a control The plate was incubated overnight a 
37 C AH of the cultures developed as confluent, opaque, mucoid gro" th film' 
Loopfuls of C lysm UF were then spot-moculatcd onto the ■surfaces o. 
bactenal films, and the plates were evammed after a further inrulntion p-n^i o 
20 hours at 37 C The results of this experiment arc ^uramanzM in tvfd' s 
As may be seen from this table, C 1} sm produced zone-t j pc r Fanng in t gru j 
films of the 5 t}-pe A cultures but produced no change m tlm gro t!i o, tfv o 

test cultures , , , -rr 

On the basis of these fev test strains. Cl} sin actu itv uould ap/var 
lated with serological tvpe spccificif} The posnbiht} o* oj*- " 


■’lar 
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lysins specific for types B and C Klebsiella pneumoniae cultures is under investi- 
gation in our laboratorj' 


DISCUSSION 

C lysin IS similar m all major aspects to the lysms desenbed by Sertic and 
others It is responsible for the gradually widenmg zones surroundmg the phage 
plaques, it produces zone-type clearmg m adult growth films of susceptible cul- 
tures, it may be separated from, and its actmty is mdependent of, the phage, 
it IS apparently nontoxic to cell growth and produces no permanent change m 
the culture, and it removes a constituent from the surface of the bactenal cells 
C Ij'sm dissolves the capsule from the Klebsiella pneumoniae, type A, cells, a fact 
clearly demonstrated by the loss of type specificity, the reduction m cell volume, 
and the appearance of SSS m the suspendmg flmd 
The engendered susceptibility of stram 108M, when grown m the presence of 
C Ij^m, to S phase phage and to S antibodies apparently is an analogous phenom- 
enon explamable on the following purely physical basis The mtact capsule acts 
as a bamer preventmg contact between the phage and the sjiecific phage adsorp- 
tion sites on the cells m the former case, and between the S antibodies and the 
specific somatic surface antigens m the latter case Solution of the capsule by 
thelysm removes the bamer On this basis, the developed sensitivity of thelysm- 
treated culture to the S phage and to the S antibodies is mterpreted as induect 
corroborative evidence that the lysm dissolves the capsule 
The results of these studies support the conclusion that C lysm is an enzyme 
The factor is highly specific m its capsule-dissolvmg activity It is either the 
disperse phase of a colloidal system or mtunately associated with it, a view 
supported by the failure of the active principle to dialyze through cellophane 
It IS salted out by ammomum sulfate It is soluble m water but insoluble m the 
fat solvents acetone and alcohol It is mactivated by heat, strong acid, and 
alkah 

The mode of C lysm action against the capsule is obscure As determmed by 
chemical means, the capsule of K pneumoniae, type A, is composed of a non- 
reduemg, acidic polysaccharide containmg glucuromc acid and yieldmg reduemg 
sugars on hydrolysis (Goebel and Avery, 1927) Therefore, it seemed reasonable 
to suspect that the capsule-dissolvmg action of C lysm was the result of its poly- 
sacchande-hydrolyzmg activity However, smee C lysm results m the libera- 
tion from the cells of SSS, and smee it causes no reduction m the precipitmogen 
titer of our chenucaUy prepared polysacchande, C lysm would seem not to be a 
hydrolase 

Two ways m which the enzyme may act suggest themselves The capsule 
surroundmg these Klebsiella cells, as demonstrated by stammg techmques, 
appears to be a well-defined morphological structure If this structure is made 
up of long cham polysacchande molecules, then these umts must be link ed bj"" 
mtermolecular forces, otherwise, no structural envelope could exist It is pos- 
sible, therefore, that the enzyme is a depolymerase which produces eapsule solu- 
tion by breakmg the mtermolecular hnkage between SSS molecules 
The full antigemcity of the Fnedlander capsular polysacchande molecule in 
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Situ, coupled with its haptenic antigenicitj^ Mhen in solution (Juhnncllc 19201 
suggests the possibility that SSS molecules may be, AAhen on the cell, hooked with’ 
some other ceUulai constituent (nucleoprotein?), resultmg in a complete antwen 
m which the polysaccharide portion is the determinate groupmg If this is true 
then C lysm may spht this molecular comple\, hberatmg the SSS, and thus pKa’ 
m a speciBc maimer the same role as do the nonspecific chemical methods of ox- 
tractmg the polysaccharide 

The correlation of lysin specificity and serological type specificitj is in accord 
With the results of certain studies on the enz3’mic digestion of pneumococcus 
polysaccharides Dubos and Avery (1931) isolated an enzyme from a sporu- 
latmg bacterium which digested the capsule of type III pneumococci but failed 
to hydrolyze the capsular material of the other serological tj-pes tested En- 
zymes specifically active agamst pneumococcus t3T)es III and VIII have been 
desenbed by Sickles and Shaw (1933, 1935) Should C lysm spccificit\ be 
further substantiated, the lysm may -nell serve as a useful practical tool in the 
identification of type A Friediander cultures 
The occurrence of a capsule l3^sm m the phage lysates of this Klebsiella jinni- 
moniae strain is of therapeutic interest because the factor has potential in iieo 
applicability Klebsiella ‘pneumoniae is a pathogen whose disease-producing 
abihty is mtimately associated with encapsulation 
Studies on the origin of C lysm, the nature of its action, and its effect on hleh 
Stella pneumonias mfections m laboratory animals are being earned on 
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SUMMARI 

Filtered phage l3^tes of a Klebsiella pneumoniae, type A, culture (strain lOSM) 
contam a lysm that decapsulates both hvmg and lulled 13710 A Fncdlfmder cells 
The activity of this capsule lysm (“C lysm”) is mdependent of phage I3 tic action 
Lysates treated with formalm or subjected to heat sufficient to inactiAatc the 
phage retam the capsule-dissolvmg pow ers The C b sm may be separated from 
the phage particles by ultrafiltration through graded collodion membranes 
The phage-free lysm is nontoxic to the growth of the Klebsiella culture 
Two methods are desenbed for the titration of the potency of vnnous C Ivmo 

preparations usmg agar plate cultures 

Treatment of livmg or killed Klebsiella pneumoniae lOSM cultures i ,th t 
h'sm results in a loss of serological Uye spcciGcit> and a marl ed reduction in cr 
volume Injection of C-treated lOSM cells into rabbits fails to elicit t lu pro- 
duction of type-specific antibodies Treatment of In mg cultures with h m 
results m an acquired susceptibiht3 to a phage active onlv aga.ml the b, no.i- 
encapsulated form of this Klebsiella organism 1 t. ,,i, . 

C b-sin IS highb specific, of the encapsulated cultures tested, onlv In JD - 

type A strains arc affected 
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The mode of action of the lysm is unknown Chemically prepared SSS does 
not lose its haptemc properties as the result of treatment with C lysm, and SSS 
IS liberated from these encapsulated bactenal cells upon treatment with the 
lysm 

The factor is relatively heat-labile (85 C for 10 mmutes) and is lapidly mac- 
tivated by strong acid and alkali It is nondialyzable and is precipitated by 
ammomum sulfate, acetone, and alcohol 
Because of its specificity, heat, acid, and alkah lability, nondialyzabihty, and 
precipitability, it is concluded that C lysm is an enzyme The substrate is as 
yet unknown 
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DETECTION OF FERMENTATIVE VARIANTS WITH TETRAZOLIUMi 

JOSHUA LEDERBERG 

Department of Genetics, University of H'^isconsin., Madison, Wisconsin 
Received for publication July 29, 1948 

VTule trying to develop methods for finding dehydrogenase mutants, we 
found tetrazohum (tnphen 3 d tetrazohum chlonde) to be useful for detectmg 
fermentative vanants This mdicator has the advantage that the nonferment- 
ing vanants are stained a deep red whereas the fermenters and the background 
are neutral 

For example, cultures of Escherichia colt K-12 were spread on nutnent agar 
plates contammg 1 per cent carbohydrate and 0 005 per cent tetrazohum The 
plates were then irradiated with an ultraviolet lamp long enough to leave 100 to 
500 colonies per plate after mcubation Red colonies or sectors were trans- 
ferred to EMB agar to punfy and verify them as mutants Yields, ranging 
from 0 1 per cent to 0 01 per cent of the survivors, of mutants unable to ferment 
lactose, maltose, or glucose, respectively, have been obtained 

The response is undoubtedly due to the pH dependence of the biological reduc- 
tion of tetrazohum to the highly colored, insoluble formazan This usually 
accumulates m a single large granule near one pole of the cell 

Smee Salmonella and Shigella cultures shoiv a strong red reaction on lactose 
tetrazohum agar, this medium might be developed as an indicator for the entenc 
pathogens However, it will be necessary to elunmate the reactions given by 
weak lactose fermenters (by controlhng the pH and buffer capacity of the 
medium) and probably also to mcorporate a selective inhibitor such as bnlhant 
green 

* The author is indebted to Donald A Gordon for competent technical assistance and to 
the Paul-Lewis Laboratones, Milwaukee, for a generous sample of tetrazohum This 
work has been supported by grants from the Rockefeller Foundation and the National In- 
stitute of Health, U S P H S ,and is published with the approval of the Director of the Wis- 
consin Agricultural Experiment Station 
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MICROBIOLOGY OF SPRAY-DRIED, WHOLE-EGG POTOER 
Y Aerobic Mesophiuc SpoREFomw^a Bkcplu Isomted at 55 C‘ 


.ILrCEJ WATSO.\J 

Microbiology Research Division, Bureau of Agricultural and Industrial Cht'-ii'ri 
Agricultural Research Administration, U S Department of \gneuU, re, 
Belleville, ’faryland 


Received for publication Julj 29, 1D4S 

During the 14-nionth period, November 1, 1943, to January 1, 1945, tTrononiic 
studies were made on the microbial population of ogg powder stsmplcs as dofer- 
mmedfrom glucose tiyptoneagar (Difco) plates incubated for 48 hours at 55 C 
(131 F) m a forced-draft incubator This information nas obtained simul 
taneously with microbiological findings for 5,725 samples of high-moisturc (1 
to 6 per cent), spray-dned, whole-egg powder manufactured in the United States 
for Lend Lease shipment (McFarlane el al Food Research, 12, 311, Solonev 
elal Am J Pub Health, 37, 971, Sutton and McFarlane Food Research, 12, 
474, Watson and McFarlane Food Tech , 2, 15) The investigation reicalnl 
that the organisms isolated at this temperature and suspected of being thermo 
philes were aerobic, mesophilic, sporeforming bactena 

The 278 strains of bactena selected for taxonomic study ^\erc from GOO voli- 
tions, and came from 177 samples of egg powder submitted b> 32 deh>dr 3 lioii 
plants located m 15 different states 

Morphological and biochemical findmgs revealed that 271 of the rcprc'entati«e 
278 strams were Bacillus sublilis and 7 were Bacillus hrcins These strains were 
all found to be capable of growth at 55 C (131 F) on slants of trj ptonc glueoo 
extract agar immersed in a constant temperature bath for 48 houn 

The fact that all of the 278 representative cultures were aerobic, raciophilie, 
sporefonmng bacilli is reasonably good evidence that most of the orgini-m" 
responsible for the 55 C plate counts were of the same J-ind Tlic pov.Ml)ilit', 
however, that thermophilic bactena may be present m egg powder has not hr^ n 
eliminated The abdity of these species of aerobic, mesophihe, sporcformiog 
bacilb to grow at temperatures ranging from 20 to 55 C is well recognirf^l R 
IS possible that their presence m a given egg powder sample ma> Iv din'll! - 
related to the quality of the shell eggs processed and the degree of plant sinit 
tion practiced 
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PROPERTIES OF SOISIE COLONIAL PHASE VARIANTS 
OF CORYNEBACTERimi RENALEi 

E S FEENSTRA, F THORP, Jh , and M L GRAY 
Dcparlmcni of Animal Pathology, Michigan State College, East Lansing, Michigan 

Received for publication August 7, 1948 

Five cultuies, representing four different colony types, were chosen from stock 
cultures of Corynchaclcrium renalc for study in order to determine their mor- 
phological, biochem cal, serological, and pathogenic relationships 

One culture that might be classified as “smooth” showed the weakest action m 
the fermentation of glucose and in the digestion of casein, had the least resistance 
to the bactencidal action of bovine plasma, and was the least pathogenic for rab- 
bits Two cultures that might be classified as “rough” shov ed the most resist- 
ance to the bactencidal action of bovme plasma and were the most pathogenic 
for rabbits The other two cultures n ere intermediate m colomal morphology 
and pathogenicity 

The results of agglutmation tests showed that there were antigenic differences 
and similanties between the different cultures, but there was little or no correla- 
tion with the morphological characteristics of the colonies 

1 Published by pentussion of the Director of the Michigan Agricultural Experiment 
Station 




THE CONSEQUENCES OF MUTATION DURING THE GROWTH OF 
BIOCHEMICAL MUTANTS OF ESCHERICHIA COLI 

I The Pattehn of Adaptation of Histidineless Cultdees* 

FRANCIS J RYAN and LILLIAN K SCHNEIDER 
Department of Zoology, Columbia University, New York S7, New York 

Received for publication July 23, 1948 

A bactenal culture may contain a veiy large number of orgamsms Conse- 
quently, even mutations occurring at very low rates per orgamsm may not be 
uncommon For this reason bactenal cultures are likely to be heterogeneous 
and their composition will depend upon mutation rates and selection pressure 
(Ryan, 1948) When mutations influence the growth characteristics of bactena, 
the behavior of the whole culture may be drastically influenced In the case of 
the so-called biochemical mutations, which affect the orgamsms’ capacity to 
synthesize ammo acids and growth factors, this influence is very evident For 
example, by overgrowth dunng senal transfers m the presence of hmitmg con- 
centrations of tryptophan, Wnght and Skeggs (1945) have been able to select a 
strain of Lactobacillus arabinosus that does not require this substance In the 
absence of tryptophan this new strain grows as fast and as far as does its trypto- 
phan-dependent parent in the presence of tryptophan Increasing concentra- 
tions of tryptophan, however, first depress and then allow this rapid growth of 
the tryptophan-independent mutant Although the factors imderlymg this 
behavior are not yet imderstood in L arabinosus, we have found a parallel situa- 
tion in a histidineless mutant of Escherichia coli This paper will present data 
that show that the depression of growth on mtermediate concentrations of ammo 
acid IS the result of mutation and the consequent interaction between mutants 
and parents The next two papers m this senes will analyze the mechanism of 
this mteraction (Ryan and Schneider, 1949o,6) 

experimental peocbdtjres 

The strain of E colt (148-334) used m these expenments was secured after 
X-radiation by Drs J 0 Lampen and R R Roepke It reqmres histidine for 
growth and was earned m stock culture on nutnent agar slants that were trans- 
ferred every 2 months Inocula were prepared by mtroducmg with a needle a 
small amount of the culture (ca 10’' bacteria) into a 12-ml pyrex centrifuge tube 
contammg about 5 ml of chemically defined medium supplemented with 25 pg of 
Eastman L-histidme monohydrochlonde H 2 O per ml Growth was allowed to 
occur for about 12 hours at 37 C at the end of which time the cotton plug was 
fastened with scotch tape and the bactena in the tube were centrifuged to the 
bottom The supernatant was then decanted and the bactena resuspended m 

^ This work was supported in part by an American Cancer Society grant recommended 
by the Committee on Growth of the National Research Council 
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5 ml of 0 9 per cent saline The process was repeated and after the second sui 
pension the bactena were said to be washed once All dilutions \icro made in 
sahne At inoculation, one drop (0 05 ml), containing a total of about 2 x 10' 
bactena, was introduced into 10 ml of synthetic medium (see R j'an and Schneider, 
1948) containing the various ex^ienmental supplements 
Groi\i;h was allowed to occur m unshaken 16-by-150 mm p}TC\ test tubes at 
37 C and nasfoJlowed as optical turbidity by means of a Klett-Summcrson colorim- 
eter fitted With a no 59 filter The pjYcx test tubes fit snugly into the adapter, 
whose openmg ivas ground somewhat larger to receive them, and were calibrated 
for their own absorption when filled with water The colorimeter was caliliratcd 
in terms of the number of bactena (the bistidineless [Ii— ] and its histidine indc 
pendent [h+] mutant were the same in this regard irrespcctiv'e of the conditions 
of growth) by plotting the concentration of bacteria against the instrument 
reading The curves arose from the ongin of ordinate and abscissa and were 
hnear for about 100 colorimeter umts Over this range each unit represents 
about 5 X 10® bactena per ml Thereafter the calibration cun'c deviated with 
constantly decreasing slope from a straight hne At the lev cl of 150 colorimeter 
units the reading actually represented 5 per cent more organisms than a conlinii 
ing linear relationship would predict At 200 the denation was 10 per cent, and 
at 400, 16 per cent Since only rarely did the density of cvpcnraental tubes 
exceed 150, growdih is expressed, in this and in the following papers, as turbiditj 
values without conversion to bactenal numbers The viable number (deter 
mined by plating) and the total number (determined with a hemocytometer) 
were equal m cultures 24 hours old For the histidinclcss strain grown on an 
optimal histidme concentration there were 48 and 47 X 10' organisms per ml 
respectively, for the histidine-mdependent, 56 and 48 X 10' 

When cultures were to be charactenzed in terms of the two types of organisms 
they contained, plating procedures were used that have been described cl=cwb''rf 
(Ryan and Schneider, 1948) In principle the method inv oivcd plating into 
minimal agar where the h+ bactena developed into colonies Sub°eciucnt iaj cr 
mg with histidine allow'ed the development of new colonies from the h- bactena 
present 
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These histidine-independent strains (h+ ) synthesize their own histidine as deter- 
mined by the bioassay of their hydrolyzates with h— bactena Histidine inde- 
pendence IS inherited indefinitely in a stable fashion Among 15,783 h+ bactena 
identified from h+ cultures grown in the presence of histidine, no h— bactena 
were found On the other hand, h+ orgamsms are found m all h— cultures ivith 
a frequency of about 10“^ They even appear in h— cultures estabhshed from 
single h— bactena For this reason it is certain that h+ bactena arise from 
h— by the mutation designated h > h4- (Ryan, 1948) 

An inoculum of 0 05 ml of an h— culture contains an average of about 3 X 10’ 
h— bactena and about 3 h+ bacteria A 10~’ dilution of an h— culture con- 
tains no h+ bactena and about 50 h — orgamsms per ml Yet when 1-ml inocula 
of such dilutions of washed h— cultures are mtroduced mto minimal medium 
devoid of added histidine, adaptation occurs due to the appearance and growth 
of h+ bactena YTien, however, such 10“’ dilutions are mtroduced into minimal 
medium that is devoid of histidine and from which asparagme (the only orgamc 
substance except glucose which is normally present m minimal medium) has been 
omitted, adaptation never occurs This discrepancy is due to the fact that the 
asparagine preparation used contains about 0 003 per eent histidine (Ryan and 
Schneider, 1948) This small amount of histidine allows for the slow growth of 
enough h— bactena to make mutation to the h+ condition probable It is the 
growth of these newly ansen h+ bactena that constitutes adaptation In the 
absence of the asparagine preparation (and hence m the complete absence of 
histidine) the few h— orgamsms in a 10“’ inoculum do not grow at all, and muta- 
tion with consequent adaptation does not take place, h+ orgamsms (and hence 
a larger inoculum) must be introduced for adaptation to occur under these con- 
ditions Otherwise the absence of asparagine results only m a shght lengthemng 
of the lag period of h— and h+ bactena, the logarithmic rates of grovi;h and the 
final yields of bactena are the same m the presence and m the absence of aspara- 
gme 

The ‘pattern of adaptation When very small amounts of histidme, which would 
allow only a limited growth of h— bactena, are added to minimal medium with- 
out asparagine, 10“’ mocula are enabled to adapt However, the extent to which 
the mutant h+ bacteria derived from them grow, and consequently the extent 
to which adaptation occurs, is a function of the concentration of histidine present 
Figure 1 shows the adaptation achieved by a 10“’ inoculum of an h— culture in 
a medium devoid of asparagine but contaimng increasmg concentrations of histi- 
dine No adaptation occurred in the absence of histidine, for no h+ eells were 
mtroduced with the inoculum nor were they produced m the absence of growth 
of the h— bacteria that did form the inoculum On 0 1 /ig of histidine per ml, 
adaptation did occur owing to the formation of h-f- bactena produced dunng 
the imtial multiphcation of the h— organisms However, adaptation becomes 
progressively less extensive as the histidme concentration is mcreased At and 
above the level of 1 fig per ml, adaptation does not occur even after a penod of 2 
weeks This phenomenon, portrayed by the dip m the adaptation curve, has 
been the subject of extensive investigation m our laboratorj’^ 

When asparagme is present in the medium, adaptation m the absence of added 



702 


FRAJfCISJ KTAN AND LILLIAN K SCHNEIDER 


fvOL 50 



LOG HISTIDINE CONCENTRATION-^^ PER ML 


^ of cultures of h— bacteria grown on different concentrations o 

mstidine m medium devoid of asparagine The inoculum in this experiment consisted o 
tne ca 50 n— bacteria present in a lO"^ dilution There were no h+ bacteria in the tnocu 
j™ i lower curve shows the stationary level of growth achieved after 46 hours, before 
adaptation occurred The upper curve shows the stationary level of growth achieved after 
76 hours, when adaptation was complete 



Figure S The time-course of adaptation of h— cultures grown on different concentraf lonJ 
of histidine The numbers refer to the concentrations of histidine in iig per ml This 
experiment was chosen for publication because of its completeness The kink in the pre 
adaptive curve aas pecuhar to this expenment and was not found in numerous rcpetilioni 

histidine does take place and growth of the adapted bactena is equal in amount 
to that achieved by h— bactena grown in the presence of an optunal amount of 
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histidine This is shown in figure 2, which also portrays the time course of 
adaptation on different concentrations of histidine Once again, in the presence 
of asparagine, the amoimt of adaptation is inversely proportional to the histidine 
concentration Even after 2 weeks there is no change in the final level of growth 
shown in this figure The relation between adaptation and histidme concentra- 
tion IS clearly shown in figure 3, which portrays sections through figure 2 at 11 
and 29 hours Adaptation does not occur at levels above 1 ng per ml When 
adaptation does occur, it is the consequence of the production of h+ mutants m 



Fxgure S The relation of the amount of growth before and after adaptation to histidine 
concentration The lower curve is for growth at 11 hours and the upper curve for growth at 
29 hours The shaded area indicates the amount of adaptation These data are the same 
as those shown in figure 2 

the expenmental tubes These mutants were denved from the h— bactena 
that multiplied owing to the traces of histidine mtroduced with the asparagine 
In addition, the 0 05 ml of washed, undiluted h— cultures used as inocula con- 
tained an average of 3 h+ bacteria that were also involved in adaptation Unless 
otherwise mentioned, the experiments reported m this paper were performed with 
a medium contaimng asparagine 

The h+ bactena when grown by themselves have growth charactenstics that 
are similar to those of h— bacteria grown m the presence of optimal histidine 
(figure 4 and table 1) Table 2 shoivs how, on the contrary, when h+ and h— 
bactena are together, as is the case dunng adaptation, the behavior of the mixed 
culture IS drastically different 
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The cause of the adavtive pattern When cultures of h~ bacteria that had 
adapted on vanous histidine concentrations were plated out and the proportion 
ot h and h+ organisms was determined, the data shoira m figure 5 i\erc 
secured As adaptation is more complete, there are progressively smaller per- 
centages (and numbers) of h- bactena Those cultures that do not adapt 


TABLE 1 


Egect ofhishdtne concentration on the growth charactenshcs ofh+ bacteria and ofh- bactcna 
before adaptation 


BACTESIA 

fizsnoiNEirss 

inSriDINE INDEPEKDEVT 

Histidioe 
concentration, 
fig per ml 

Time in minutes 

required to pro 

duce a turbidity 
of 40 

; Rate during 
linear growth 

turbidity 

time 

Final turbidity 
before 
adaptation 

Time jn minutci 

required to pro 

duce a turbimt> 
of 40 

; Rate during 
linear growth 
' turbidity 

tune 

Fid&I 

turbidity 

0 

— 

0 

10 

345 

0 54 

145 

0 1 

— 

■EH 

14 

365 

0 55 

140 

0 2 

— 


20 

360 

0 53 

141 

0 4 

— 

0 03 

30 

345 

0 53 

Ml 

0 8 


! 0 06 

' 50 

360 

0 56 

140 

1 6 

420 

0 31 

' 72 

1 380 

' 0 53 

141 

3 2 

380 

0 56 

108 

360 

0 53 

142 

6 4 

365 

0 55 

143 

350 

0 54 

142 

12 8 

335 

0 49 

144 

355 

0 54 

138 

26 6 

320 

0 52 

142 

355 

0 55 

145 

51 2 

315 

0 46 

144 

355 

0 50 

145 

102 4 

315 

0 50 

141 

360 

0 40 

142 


TABLE 2 


Effect of hisHdtne concentration on the growth characteristics of an h— 
culture during adaptation 


HISTIDIKE CONCENTRATION 
pg PER UX 

xniE IN lONuirs 

REQUIRED TO PSODUCE 

A TURBIDITY OP 40 

RATE DURING LINEAR 
ADAPTIVX CBOWTO 
TURBIDiry 

TIUE 

Tiniu. TUMtDrrr 
Aim adaptato’- 

0 

1,000 

0 65 

151 

0 1 

1,010 

0 55 

127 

0 2 

1,080 

0 44 

110 

0 4 

1,220 

Curved 1 

77 


possess more than 99 per cent h- bactena The remarkable circumstance is 
that m the presence of 0 4 and 0 8 /ig histidine per ml, ^here there is verj' httlc 
adaptation, there are appreciable numbers of h+ bactena These •wc^erm 
are ahve despite their failure to multiply An inoculum from a culture of h 
bactena which had become adapted in the presence of 0 4 /ig histidine per ml and 
which contamed 72 per cent h- bactena was inoculated into fresh medium con- 
taining 0 4 fig histidine per ml The new growth consisted of 7 per cent li 
bactena, a proportion m accord with results secured with dehbcratcb mixc 








120 




Figured The percentage of h+ bactena in cultures allowed to adapt in different concen- 
trations of histidine The upper curve shows the amount of growth achieved after adapta- 
tion (28 hours) The lower curve shows the proportion of h-{- orgamsms in the various 
adapted cultures 
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Figure 6 The adaptation of cultures started with inocula consisting of vanous proper 
tions of h+ and h— bactena The lowermost curve shows the level of growth after 12 
hours (before adaptation) of a culture inoculated with a mixture containing 99 9999 per 
cent h— bactena Above this in order are curves for the adaptation of inocula containing 
99 9999, 99 999, 99 99, 99 9, 99, 54 5, and 0 per cent h— bactena The inoculum containing 0 
per cent h— bactena was secured from a pure h-f culture 



’ Figure 7 The change in proportion of h- bactena after adaptation The upper cuw 
is for p-owth in the presence of 25 6 ;ig histnhne per ml, the next for 0 4 MS, and the bottom 
curve W no histidine All data were secured 24 hours after inoculation Note the cnangs 
in the scale of the abcissa 


inocula (see below) The problem is, then, to discover what prevents the h+ 
baetena in partially adapt^ cultures from contmuing growth and adaptation 
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The depression in the adaptation curve of h— bactena is similar to that ob- 
tained by growing a heterocaryon of Neurospora containing leucmeless and leu- 
cine-independent nuclei on different concentrations of leucine (Eyan, 1946, 
figure 5) In the latter case it was shown that m the presence of leucine the leu- 
cmeless nuclei had a selective advantage over their leucme-independent 
neighbors Similarly, we might assume that the h+ bactena are prevented from 
growmg by the presence of too many h— bacteria If so, it should be possible 
to eliminate the depression of growth which occurs on mtermediate concentrations 
of histidme by decreasing the percentage of h— orgamsms in the moculum 
Actually, this is possible, and, as figure 6 shows, progressive decreases m the 
proportion of h— bactena m the moculum result m progressively less depression 
of growth Eventually when there are no h— bactena m the moculum, growth 
IS mdependent of histidme This is true of a pure culture of h+ bactena When, 
however, h+ bactena are mixed with h— bactena, their growth is depressed 
We must conclude that the depression is brought about by h— bactena 
Dunng adaptation, the proportion of h— and h+ bactena changes from what 
it was in the moculum Figure 7 shows this shift on three different concentra- 
tions of histidme In the presence of an optimal concentration there appears to 
be no selective advantage m favor of h+ bactena In the absence of histidme 
there is a very strong selection for h+ bactena which, regardless of them propor- 
tion m the moculum, make up the bulk of the adapted population On a Imntmg 
concentration of histidme the h-f- bactena are selected more strongly when there 
are large numbers of them present in the inoculum This is additional evidence 
that large numbers of h— bactena inhibit the growth of h+ bactena 

DISCUSSION 

These data show that the amount of adaptive growth of an h— culture is a 
function of the histidme concentration The more h— bactena, the less adapta- 
tion Further, this depression of adaptation is brought about m some way by 
the h — bactena The followmg papers m this senes will consider the mechamsm 
of this influence (Ryan and Schneider 1949o,&) They will also show that this 
inhibition of the growth of h+ orgamsms is a phenomenon that occurs with its 
greatest effect on mtermediate, suboptimal concentrations of histidme More- 
over, competition between h— and h+ bactena is m favor of the latter m the 
absence of histidme but does not occur m the presence of optimal concentrations 
(Ryan, 1948) Figure 7 of the present paper shows that h+ bactena are selected 
m the presence of a limi ting concentration of histidme (0 4 pg per ml) But even 
though selection is m favor of h+ bactena, they are eventually inhibited by the 
h— bacteria present This is a umque property of h— bactena grown on mter- 
mediate suboptimal concentrations of histidme On very low concentrations 
adaptation does occur On optimal concentrations, where there is httle if any 
mhibition of h+ by h— bactena, adaptation does not occur because the h— 
bactena have undergone aU the growth the medium will support 

SUMMABT 

Durmg the growth of populations of histidmeless Eschenchta coh, mutations 
occur which make some of the bactena mdependent of an external supply of his- 



r'RAKClS J RYAN AND LILLIAN K SCHNEIDER [yoh 56 

tidine These histidme-independent mutants grow in the absence of added 
histidiiie, and such growth from an inoculum of histidmeless bacteria is termed 
adaptation 

The extent to which adaptation occurs is mversely proportional to the histidine 
content of the medium On high concentrations adaptation does not take place 
at all As a result there is a dip m the curve descnbmg adaptive growth as a 
function of histidme concentration 

This dip can be progressively ehmmated by addmg histidme-independent 
bacteria, which artificially decreases the proportion of histidmeless bacteria in 
the moculum Pure histidme-mdependent cultures show no dip in the cuiwe, 
for then- growth is not influenced by histidme in the medium 

The depression of adaptation is a function of the number of histidmeless bac- 
tena present As the histidme concentration mcreases, the number of histidinc- 
less orgamsms whose growth is supported mcreases, and the adaptativc grow th 
of histidme-mdependent mutants decreases The latter are m some way pre- 
vented from growmg by histidmeless bactena grown on suboptimal concentra- 
tions of histidme 
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JOSEPH S GOTS* AND M G SEVAG 

Deparlmeni of Bacteriologij, School of Medicine, University of Pennsylvania, 
Philadelphia 4, Pennsylvania 

Received for publication July 24, 1948 

Despite the numerous studies for over fifty years on the resistance manifested 
by nucroorgamsms to vanous drugs, a satisfactory concept concerning the bio- 
chemical mechamsm of resistance development has not as yet evolved The 
many observations that suggest a correlation between flavoprotem activity and 
the acqmsition of resistance to certain drugs have been analyzed by one of us 
(Sevag, 1946) The studies here presented were oriented toward an experimental 
elucidation of these observations 

The pneumococcus was used in these mvestigations smceit represents a patho- 
gemc orgamsm whose respiratory activities are pnncipaUy dependent on the 
flavoprotem enzymes (Avery and Neill, 1924, Sevag, 1933, Sevag and Maiweg, 
1934, Sevag and Shelburne, 1942) Strains of three different serological types 
(I, II, and III) were made resistant mdependently to each of five different drugs 
by subjecting the orgamsms to increasmg concentrations of the drugs ^n mtro 
The resistant strains and their susceptible parent strains were studied for their 
dehydrogenase activities using methylene blue as the hydrogen acceptor to meas- 
ure the flavoprotem activity This is vahd on the basis that neither methylene 
blue, oxygen per se, nor oxygen with activation by the cytochrome oxidase system 
IS capable of oxidizmg the dihydropyndine cozymases (I and II or DPN and 
TPN) It IS beheved that the flavoprotem is an enzyme whose specific sub- 
strates are the reduced cozymases, the hydrogen, origmally obtained from the 
substrates oxidized, being transferred fiom the reduced pyndme rmg of the cozy- 
mases to the iso-alloxazme rmg of the flavoprotem The hydrogen of the reduced 
flavoprotem may then under appropriate conditions be transferred to a hydrogen 
acceptor m the system, m the present case to methylene blue 

The agents investigated were acnflavme (3 , 6-diammo-N-methyl acndmium 
dihydrochlonde — ^National Amline and Chemical Co ), atabrme dihydrochlonde 
(Wmthrop no AY-392), propamidine (4,4'-diamidmo-diphenoxypropane — 

* The investigation vas begun under a grant from the Josiah Macy, Jr Foundation 

This investigation was supported, in part, by 3 research grant from the Division of 
Research Grants and Fellowships of the National Institute of Health, U S Public Health 
Service 

’ Abbott Fellow in the Department of Bacteriology, 1947-1948 
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Merck no 3R-8008)», optochin (ethyl-dihydrocupreme hydrochlonde-IVlerck) 
and finaUy sulfonamides * The first two represent typical acridine dyes that 
bear configurational similarity to the alloxazine nucleus of the flavoprotein coen- 
zymes The action of several acndines has been attributed to their possible 
interference with the yellow en 2 yme systems (Mcllwain, 1941, Haas, 1944, 
Wnght and Sabine, 1944, Madinaveitia, 1946, HelJerman, Lindsay, and Bovar- 
mck, 1946 , Michaehs, 1947) Propamidine represents a diamidine whose action 
appears to be similar to certain acndines in spite of dissimilarity in. stnictiire 
This similanty is based on the observations (a) that there exists a common 
antagomsm of the antibacterial action of propamidine and atabnne by certain 
polyamines (Silverman and Evans, 1943, Snell, 1944) and by nboflann (Madina- 
veitia, 1946), and (b) that a striking development of cross resistance occurs be- 
tween propamidme and some acndines (McIntosh and Selbie, 1943) Optochin, 
a quinolme denvative, is a specific pneumococcidal agent that exercises strong 
inhibition on the pneumococcal dehydrogenases (Schnabel, 1920) Its structure 
suggests only a vague similanty to the acndines and alloxaane Since sulfo- 
pyndine-resistant pneumococci were reported to have a reduced ability to form 
hydrogen peroxide and decreased dehydrogenase activity (MacLeod, 1939), 
sulfonamides were included for investigation Sulfapyndine and sulfathiazole 
were used m the expenments to follow 


EXPERIMENTAL PROCEDURES AND RESULTS 


Development of Remtance 


The orgamsms used were Diplococcus pneumoniae, type I (P27), type II (P28), 
and type III (P29) These were obtained from Dr H E Morton Stock cul- 
tures were maintained in blood broth (2 per cent horse blood in beef extract broth 
contaimng Parke, Davis peptone) Assays for drug sensitivity and the develop- 
ment of resistance were made m the semisynthetic medium (Adams and Roc, 
1945) contaimng “casamino acids” (Difco) Tn'ofold serial dilutions of the 
drugs were made in 5 ml of this medium and moculated with 0 1 ml of an 18- to 
24-hour culture m the same medium For sulfonamide assay the inoculum vas 
diluted to 1 1,000 Resistance was developed by transfemng 0 1 ml of the 
24-hour culture growmg m the highest concentration of the drug to new senes 
contaimng the same and higher concentrations Such transfers were made daily 
with mtermediate subculture to blood broth for stock purposes Checks for the 
punty of cultures were made on blood agar plates (5 per cent horse blood m t c 
tryptone glucose yeast extract medium of Morton and Engley , 1945, to n ic 
agar was added) A drug-free susceptible control was maintained similarly to 
the resistant strains but in the total absence of the drugs Occasional mouse 
virulence tests were performed by mtrapentoneal moculation 

» We are indebted to Dr D F Eobertson from MercL and Corop3n> for the Bupplj of 


OrtfS^bas .3 of observations from Ehrlicb'e laboratory that ntoxyl 
p-aminophenjlarsenic acid) has an action on trypanosomes similar to that of the ncr , 
atovjl vL tned It was found that pneumococci were naturally resistant to this 
pound, surviving a 1 200 concentration 
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The following data represent the experiences encountered in the development 
of resistance to the various drugs Data are given as to (a) the degree of resist- 
ance obtained, (b) the number of transfers for development of maximal resist- 
ance, (c) the stability of resistance once obtained, and (d) the production of 
phase variation in certain instances Mouse virulence was determined m at 
least one representative resistant strain for each drug In all cases the charac- 
tenstics of the mucoid form persisted, such as gross appearance of the colomes 
and mouse virulence Type specificity, as detemuned by shde agglutmation, 
and the Quellung reaction with specific immune serum remamed unaltered for 
all resistant mucoid strains 

Acndines The development of resistance in both acnflavme and atabrme 
followed a similar pattern Many transfers in the respective drugs were required 
for the development of maximal resistance In the case of acnflavme, the organ- 
isms were originally susceptible to a 1 800,000 to 1 1,600,000 concentration of 
the drug After approximately 30 transfers they could grow m concentrations 
of 1 50,000 to 1 100,000 With atabnne, the imtial inhibitory concentrations 
of 1 400,000 to 1 800,000 were raised to 1 25,000 to 1 50,000 Atabrme and 
acnflavme resistance was relatively unstable, tending toward a decrease m resist- 
ance in drug-free media Before each experiment, therefore, it was necessary 
to transfer these organisms several times in the presence of the drug in order to 
maintam maximal resistance With one exception, the mucoid charactenstics 
of the orgamsms remamed constant throughout exposure A rough® resistant 
form of type III developed m atabnne Upon repetition, a type III resistant 
mucoid form was obtamed 

Propamidine Propamidme presented no difficulties m the development of 
resistance Maximal resistance could be obtained m as few as five transfers 
Moreover, mucoid charactenstics and the degree of resistance obtamed remained 
stable throughout Orgamsms that were onginally inhibited by 1 320,000 
(type I) and 1 160,000 (t5q)es II and III) were able to grow m 1 5,000 (type I) 
after 7 transfers, m 1 10,000 (type II) after 13 transfers, and in 1 5,000 (type 
III) after 5 transfers Resistance remamed stable durmg storage m drug-free 
media 

Opiochin Like propamidme, the development of resistance m optochm was 
rapid with maximal resistance, being obtamed m as few as 4 transfers Types I 
and HI, which were inhibited by a 1 320,000 concentration of the drug, were able 
to grow in 1 40,000 after 4 and 10 transfers, respectively, type II, which was 
inhibited by a concentration of 1 800,000, could grow in 1 40,000 after 5 trans- 
fers These were mucoid strams However, the expenences of Amzel (1927) 
and Lewy (1925) were shared by us Durmg cultivation in the presence of opto- 
chin, rough vanants appeared that lacked sensitivity to the drug This appeared 
to be nonspecific m that rough vanants of normal strams that had never been 
exposed to optochm were less sensitive to the action of the drugs than the ongmal 
mucoid forms The resistant mucoid strains were obtained by colony separation 
on blood agar plates as well as from alternate blood broth subcultures durmg 

‘ The classification of the phase variants indicated by the terms mucoid, smooth, and 
rough, used here, is that of Dawson (1934) 
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resistant rough form was mainlined 
tbrough drug transfer until maximal resistance developed, and was stocked for 
analysis In all cases, the resistance, once obtained, remained unchanged even 
after subculture m drug-free media 

Sulfo^mtdes With sulfonamides, the development of resistance vas slow 
and difficult The organisms were ongmaUy subjected to sulfapyndine (SP), 
but because higher concentrations were needed than the low solubility of SP 
permits, transfers were contmued m sulfathiazole (ST) After a total of 47 
transfers, type I, which was ongmally inhibited by 1 32,000 (ST), was able to 
survive a 1 4,000 concentration , t3rpes II and III, originally inhibited by 1 64,000 
(ST), became resistant to a concentration of 1 1,600 
Type I remamed mucoid throughout Types II and III, however, lost their 
typical mucoid characteristics They appeared to be an intermediate phase 
between mucoid and rough, characterized by a loss of virulence for mice, dimin- 
ished bile solubihty, and autoagglutmabihty They could not be identified as 
true rough forms on the basis of colony morphology The agar plate colonies 
were lenticular, even, glistenmg, larger and more watery m appearance that the 
typical rough orgamsms Eesistance stabihty m the absence of these drugs was 
vanable between strains, but the strains at the most showed only shght decrease 
in resistance 

A mucoid type II pair of parent strains, susceptible and resistant to SP, were 
made available to us through the courtesy of Dr L H Schrmdt of Christ Hospi- 
tal, Cmcinnati, Ohio (Schmidt, Sesler, and Dettwiler, 1942) 


Cross Resistance 

The resistant mucoid orgamsms were exammed for susceptibility to the drugs to 
which they had not been habituated Titrations were made by the usual pro 
cedure of the action of the vanous drugs on the resistant organisms in comparison 
with their action on the parent orgamsms The optochm- and sulfonamide resist- 
ant organisms were resistant only to the drug to which they bad been evposcd 
The sulfonamide-resistant orgamsms were resistant to both sulfathiazole and sulfa- 
pyndme In a few isolated instances the optochin-resistant orgamsms did show 
a twofold mcrease of resistance to sulfathiazole The orgamsms winch were 
exposed to atabnne, acnflavme, and propamidine were as susceptible to sulfa- 
thiazole and optochm as the parent culture which was not exposed to these drugs 
The orgamsms which were made resistant to propamidine or aendmes show a 
remarkable degree of cross resistance betw een aenflav me and propamidine Tlie 
results (table 1) are given m figures representing the times of increase m resistance 
over that of the ongmal unmodified parent strain Thus, it can be seen t lat 
orgamsms made resistant to propaimdine are equally resistant to aenflav me 
though they were never m contact with the latter, and, conv'erselj , organi m 
whose resistance was developed to aenflavune are equaU> resistant to propami- 
dme Atabnne shows some cross resistance with the others, but of a mucli 
smaUer degree It is mterestmg that the cross resistance is less ev ident betw con 
the two structuraUy similar aendmes than between one of the aendmr-s and a 
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structurally unrelated diamidine McIntosh and Selbie (1943) have shown 
similar cross-resistant relationships between propamidme and some acndmes and 
the staphylococci Along with our observations on cross resistance and other 
previously mentioned data, it may appear that propamidine and some acndmes 
possess a similar mode of action despite dissimilar structures This will be more 
fully investigated and discussed in a later presentation 

Dehydrogenase Activity 

Methods The orgamsms were grown in a medium consistmg of 1 per cent 
peptone (Parke, Davis), 1 per cent sodium acid phosphate, 0 3 per cent beef 


TABLE 1 


Cross resistance to growth inhibition among pneumococci resistant to acriflavine, atabnne, 

and propamidine 


TYPE j 

i 

OEGANISUS MADE 
EZSISTANT TO 

I^^CSEASE ( told ) in RESISTANCE OVER PARENT 
SUSCEPTIBLE ORCANISU* IN PRESENCE OT 


Atabnne 

Propamidine 

I 

Acriflavine 

BB 

1 

2-4 

8-32 


Atabnne 


16-32 

4 


Propamidine 

16 

4 

16-32 

II 

Acriflavine 

8 1 

2 

4-8 


Atabnne 

1 

16 

2 


Propamidine 

2-4 

2-4 

8 

III 

Acriflavine 

16 

2 

8 


Atabnne 

1-2 

16 

2 


Propamidine 

8 

2 

16 


* Increase (fold) in resistance = 


Minimal inhibitory concentration 
for resistant organisms 
Minimal inhibitory concentration 
for parent susceptible 


extract, and 0 5 per cent glucose The inoculum added to 150 ml of medium 
consisted of 0 4 ml of blood broth culture which had grown for 6 to 8 hours A 
solution of water-clear catalase (0 2 ml) prepared from rabbit erythrocytes 
(Sevag and Maiweg, 1936) was added to each bottle just prior to moculation to 
allow growth free from the effect of the hydrogen peroxide formed After 10 to 16 
hours’ incubation at 37 C the organisms were centrifuged, washed twice with 
m/ 20 phosphate buffer (pH 7 6), and resuspended in the same buffer The 
weight of the orgamsms in a given suspension was adjusted by means of tur- 
bidimetric measurement with a photoelectnc colorimeter to give uniform sus- 
pensions contaimng 1 mg of cells per ml (3 to 4 bilhon cocci) Fresh cultures 
Were used for daily experiments 

Dehydrogenase activity was measured by means of the conventional Thunberg 
techmque The test systems consisted of 1 ml of pneumococcal suspension, 0 5 
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miofmethyleneblue CO 002MmM/20 phosphate bufferotpHTO), and phosphate 

brfer to g,Te a total of 3 5 ml m the tabe, 0 5 ml of sobslrale sohben m Jhos 
p ate buffer was put into the side arm The tubes were attached to a manifold 
and evacuated for 3 minutes with a high vacuum pump In this manner a 
uniform vacuum was produced in all the systems tested After wanning for 10 
mnutes in a 37 C water bath, the contents of the tube and side arm were miNcd 
The tune reqmred for 100 per cent reduction of the methylene blue was recorded 
m minutes (tr) 


Discussion of results Glucose, glycerol, sodium lactate, fructose-1, 6-diphos- 
phate (HDP), and ethyl alcohol as substrates could readily be activated by the 
normal orgamsms Under the conditions of our experiments, maleic, fumanc, 
succimc, and pyruvic acids could not be activated to serve as hydrogen donators 
The methylene-blue-reducmg activity of a system was dependent on the number 
of orgamsms and, with the exception of glucose, on the concentration of sub- 
strate ® In a given system the activities of the organisms harvested on different 
days Were found to be variable Consequently, all comparisons were made with 
experiments that were run simultaneously The values given are based on 
averages of at least two, and as many as six, separate expenments 
Normal dehydrogenase activities of drug-susceptible pneumococci Glucose was 
the most active of the substrates, giving a t, of 30 minutes or less with 1 mg of 


orgamsms The final concentration of glucose used throughout w'as 0 001 m 
G lucose activity m type III was, m general, less than in the other types 
Glycerol was less active as substrate, requiring about 3 times more organisms 
Under these conditions the methylene blue reduction penod with 0 1 sr glycerol 
was similar to that obtamed with 0 001 m glucose and 1 mg of organisms Of the 


substrates used, lactate was the least active, requinng for 0 1 m concentration 
more than an hour for the complete reduction of methylene blue with 3 mg of 


type I organisms However, in the type II organism the lactate dehydrogenase 
activity approximated that of glycerol and was at least twice as active as in the 
other types The activity of orgamsms with hexose diphosphate (0 005 ii) and 
ethanol (0 1 m) approached the activity shown wnth 0 001 m of glucose How- 
ever, further decrease in concentration of these substrates resulted in decreased 
activity More than 3 mg of orgamsms could not be used because of the increase 
m endogenous activity With 1 and 2 mg of orgamsms the endogenous activit> 
was ml, requiring more than 6 hours for the reduction of methylene blue With 
3 mg it was more variable, but usually required more than 3 hours for the re- 


duction of methylene blue 

Comparison of dehydrogenase activities of susceptible and resistant mucoid organ- 
isms The degree of resistance, as shown in table 2 (column 2), is expressed as 
a ratio of the mmrmnl concentration of drug requued to inhibit the resistant 
organism to the minimal concentration required to inhibit the susceptible organ- 
ism It represents the number of times resistance increased 


‘ With glucose as substrate, no difference in activity could bo demonstrated in th-' 
of 0 1 to 0 0001 it Twofold variations m concentrations oi the other subs* rates pro' uc 
marLed difference in activity 



TABLE 2 

A comparison of dehydrogenase acltviltes of stisceplible and resistant mucoid pneumococci 


OSOAKISU 

INCREASE 
(fold) in 
RESISTANCE 

METHYLENE BLUE REDUCTION TIME (MINUTES) 

Glucose 
(0 001 U) 

Glycerol 

(Olu) 

Lactate 

(Olu) 

Endogenous 
(no substrate) 

Acriflavine 

Type I 






Susceptible 

— 

14 (2)* 

32 (3) 

67 (3) 


Resistant 

20 

50 

26 

139 

>250 

Type II 






Susceptible 

— 

16 (1) 

40 (3) 

32 (3) 


Resistant 

8-16 

26 

45 

34 

>200 

Type III 






Susceptible 


31 (1) 

53 (3) 

71 (3) 

>250 (3) 

Resistant 

8-16 

32 

46 

72 

>250 


Atabnne 


Type I 






Susceptible 

— 

14 (1) 

28 (3) 

89 (3) 

>200 (3) 

Resistant 

16-32 

230 

33 

127 

>200 

Tjpe II 






Susceptible 

— 

15 (1) 

34 (3) 

36 (3) 

>200 (3) 

Resistant 

16-32 

>250 

44 

57 

>200 

Type III 






Susceptible 

— 

31 (1) 

57 (3) 

74 (3) 

>250 (3) 

Resistant 

16-32 

150 

44 

136 

>250 


Propamidine 


Type I 

7 





Susceptible 

/ _ 

15 (1) 

30 (3) 

71 (3) 

>250 (3) 

Resistant 

32-64 

193 

82 

109 

>250 

Type II 






Susceptible 

— 

18 (1) 

47 (3) 

31 (3) 

>200 (3) 

Resistant 

8-16 

39 

44 


84 

Type III 






Susceptible 

— 

24 (1) 

53 (3) 

63 (3) 

176 (3) 

Resistant 

16-32 

42 

64 

117 

171 


Optochin 


Type I 

1 

i 

■M 




Susceptible 

— 


12 (3) 

65 (3) 

>250 (3) 

Resistant 

16-32 

HUB 

35 

128 

>250 

Type II 






Susceptible 

— 

BO 

58 (2) 

48 (3) 

>180 (3) 

Resistant 

8-16 


53 

45 

>180 

Type III 


BB 




Susceptible 

— 


75 (2) 

89 (3) 


Resistant 

16-32 

■m 

67 

84 

^1 


Sulfonamide 


Type I 






Susceptible 

— 

23 (2) 

13 (3) 

63 (3) 

>250 (3) 

Resistant 

T 3 rpe II (Schmidt) 

8-16 

25 

35 

84 

>250 

Susceptible 

— 

6 (2) 

72 (3) 

65 (3) 

187 (3) 

Resistant 

8-16 

7 

125 

74 

195 


* Figures in parentheses indicate mg of cells used m the particular experiment 


715 



































716 


JOSEPH S GOTS AND JI G SBVAG 


[voL 56 


Acnflavtne The data for acnflavine-resistant organisms as given in tabic 2 
show a significant difference in glucose and lactate dehydrogenase activity for 
type I, the most resistant of the three types, resistant type II organisms show 
delayed glucose activity only, and the resistant type III organisms show no 
difference in activity from the susceptible strains 

Atabrme The glucose dehydrogenase activity of all three tjpes of atabnnc- 
resistant pneumococci is markedly reduced This is the greatest difference 
found between susceptible and resistant strains Whereas the susceptible strains 
can reduce methylene blue m the presence of glucose m 30 minutes or less, it 
requires 2f and more hours for reduction by the resistant strains All three 
resistant strams also show a slight delay m lactate activity, but no change in 
glycerol activity 

Propamidine As with the atabnne-resistant organisms, the glucose delydro- 
genase activity of all the propamidme-resistant organisms is markedly weakened 
The most resistant pneumococcus is type I, which requires more than 3 hours for 
the decolonzation of methylene blue, whereas its susceptible parent strain can 
accomplish this reduction m 15 mmutes Glycerol activity of the resistant tjpe 
I stram is also significantly reduced and types I and III likewise show reduced 
lactate dehydrogenase activity The resistant type II organism manifests a 
greater endogenous activity than the susceptible parent strain This may play a 
role by acceleratmg the dehydrogenation of a substrate This possibility ma> 
therefore make the data difficult to mterpret At any rate, an accelerating effect 
of endogenous activity, if present, would obscure the inherent weakened activ ity 
of the resistant cells m all substrates In other words, were it not for the acceler- 
ated endogenous activity of the resistant cells, the indicated reduction times in 
the presence of substrates would probably have been much greater than those of 
the susceptible cells 

Optochin Among the optochm-resistant organisms only type I showed any 
sigmficant decrease m dehydrogenase activity with glucose, glycerol, and lactate 
as hydrogen donators 

Sulfonamides Data for the sulfonamide-resistant organisms include only 
types I and II (Schmidt) smee these were the only available mut-oid strains 
which, were resistant to sulfonamides In both cases we find a significant differ 


ence with respect to their glycerol dehydrogenase activity 

Table 3 represents an extension of the companson with typo I organisms using 
hexose diphosphate and ethanol as substrates Except for the sulfonamidc- 
resistant one, HDP activity is markedly decreased m all resistant forms 
Ethanol activity is significantly decreased in all, but more so in the organi-^s 
resistant to optochm, acnflavme, and atabnne This extension was inadc wi 
type I organisms because these organisms manifested the highest degree o 
resistance and were most subject to decreased dehy drogenase activities 
These observations are presented m a comparative manner in table 
index of activity has been estimated for each of the resistant organ i=ras us 
index represents the ratio of ir for the resistant organism to for the 
Thus, a ratio of 1 indicates the same reduction time for both su^ccpti 
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resistant, a ratio of 2 would mean that the susceptible has twice the activity of 
the resistant, and so on It can be seen that the atabnne-resistant orgamsms 
present the most consistent data for all t 3 rpes with marked loss of glucose dehydro- 

TABLE 3 


A comparison of dehydrogenase aclivilies of susceptible and resistant mucoid pneumococcus, 
type I, in ethyl alcohol and hexose diphosphate 



methylene blue seduction time (minutes) 

OKGANISU (2 UO) 

Ethyl alcohol 

j Hexose diphosphate 


0 1 u 

0 002 M 

0 005 M 

Parent (susceptible) 

7 

24 

11 

Acnflavine-resistant 

19 

ISO 

83 

Atabnne resistant 

36 

>250 

183 

Propamidine resistant 

13 

>250 

39 

Optochm-resistant 

50 

187 

89 

Sulfonamide-resistant j 

12 

31 



TABLE 4 


Methylene blue reduction time (U) indices for resistant mucoid pneumococci 


SUBSTBATE 

TYPE 

INDEX POR ORGANISMS RESISTANT TO 

Acnflavme 

Atabnne 

Propamidine 

Optochin 

Sulfonamide 

Glucose (0 001 m) 

I 

3 57 

16 43 



1 09 


II 

2 00 

>17 00 



1 16 


III 

1 03 

4 84 

mm 

1 33 


Glycerol (0 1 m) 

I 


IHIR 

2 73 

2 92 

2 69 


II 



0 94 

0 92 

1 75 


III 

HI 


1 21 

0 89 


Lactate (0 1 m) 

I 

2 07 

1 46 


■H 



II 

1 06 

1 53 





III 

1 01 

1 84 

1 87 

0 94 

HI 

HDP (0 002 M) 

I 

7 50 

>10 00 

>10 00 

7 79 

1 29 

(0 005 m) 


7 55 

16 55 

3 55 

8 09 


Ethanol (0 1 m) 

I 

2 71 

5 14 

1 86 

7 16 

1 72 


, tr resistant organism 

It index = — 

tr susceptible organism 


genase activity, slight loss of lactate activity, and no loss of glycerol activity 
Wherever there is a change m acnflavme- and prop amidin e-resistant orgamsms, 
there follows a suggested similarity m behavior to those resistant to atabnne 
The distribution and degree of change with HDP as substrate follows the pattern 
obtamed with glucose as substrate The values for two concentrations of HDP 
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riptf f exception of the propamidine-resistant organism the same 

de^ee of delay is found in both concentrations The propamidine-resistant 

^ben the concentration of HDP is increased 
( able 4) It must also be noted that resistant type I organisms, m general, 
appear to be more susceptible to vanation m dehydrogenase activities as com- 
pared to type III, of which the resistant form seems to show least vanabiiity in 
this respect 


TABLE 5 

Comparison of dehydrogenase acltvtiy of pneumococci showing phase conation 




ItETHYMire IU.DI KEDCCrroV tlltz (lONOTrS) 

OIGXKISX 

JNCEtASJ (fold) 

Ur ZXSIBTASCX 

Glucose 

(0 001 ifj 

Glycerol 

1 (Oiu) 

LacUte 

foi«) 

Endojfcnous 
(no substrate) 



ag of otgtoisms used 



1 

2 

2 

3 

2 

3 

1 

2 

3 

Type II — ^Parent (suscepti- 











ble), mucoid 

— 


m 

1 5£ 

1 


4S 

1 


>250 

Type II — ^Drug-free, rough 

132-64 (optochin)l 
j 4-8 (6ulfathia-> 


11 


>250 


>250 



>250 


[ zole) j 










Type 11 — Optoohm-resis- , 
taut, rough 

Type II— SuIfonamide-re- 

32-64 

1 

I 


19 


>1S0 


>180 

1 

i 

>]S0 

sistaat, smooth 

Typ>e III — Parent (suscepti- 

64 

1 

13 

29 

1 


33 

1 



>250 

ble), mucoid 

— 

31 

11 

93 

57 


74 

80 

ec 


Type III — ^Drug-free, 

16-32 (atabnne)) 


■ 








rough 

2 (sulfathia-?- 




6 

78 

5 

126 

62 

i 


*ole) j 


H 








Type III— Atabnne-resis- 
taut, rough 

T 3 qDe III — Sulfonamide-re- 

16-32 

to ] 

1 

105 

2 : 

>250 

3 

eo j 

[02 

t 

sistant, smooth 

32-64 


35| 


eo 


CO 

80 

00 

•r 


Dehydrogenase activity of phase variants As previously mentioned, vanous 
resistant pneumococci were obtamed which appeared to be rough variants 
Dehydrogenase activities of the rough variants of parent drug-susceptible 
organisms were compared with a rough variant derived from tj^ie II vhich had 
been exposed to optochm and a rough type III exposed to atabnne The degree 
of resistance to the respective drugs to which the latter organisms had been ex- 
posed appears to be of an independent nature, inasmuch as the rough forms that 
Bever exposed to the drug shared the same degree of resistance T c 
activities of the two sulfonamide-resistant smooth strains, prcxiously clcscnhcd, 
were also determined, but, unfortunatelj', equivalent smooth straws tliat had 
never been exposed to the drug were not available for comparison 

It can be seen from table 5 that the rough vanant denved from the tjqv' it 
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mucoid strain without exposure to the drug has lost its lactate and glycerol 
activity but not its glucose activity Since the rough organism derived from the 
mucoid strain as a result of exposure to optochin shows similar behavior, this loss 
of activity may not be attributed to an effect resulting from exposure to the drug 
There is, however, a shght loss in the glucose dehydrogenase activity of the rough 
variant derived from drug exposure that is not shared by the rough equivalent 
obtained without exposure to drug The corresponding drug-free rough variant 
of type III reveals the anomaly of extreme endogenous activity, which the rough 
organism derived by exposure to atabrine also possesses The latter’s activity, 
however, could be weakened by dilution of the bacterial suspension so that with 
1 or 2 mg of orgamsms the activity shown in the presence of the substrate is the 
same or even less than that in the absence of substrate The nature of the factors 
responsible for these anomalous activities are at present unknown to us Previ- 
ous studies on the respuatory activities of virulent and nonvirulent pneumococci 
have manifested similar variations (Sevag, 1933 , Sevag and Maiweg, 1934) 

When the type II sulfonamide-resistant smooth strain was compared with the 
susceptible mueoid parent strain, no loss in activity was observed, m fact, there 
was an acceleration in activity of the resistant orgamsm in the presence of 
glycerol and lactate The type III sulfonamide-resistant smooth strain shows a 
complete loss of activity in lactate and glycerol and a measurable decrease in 
activity m glucose Since drug-free smooth forms of types II and III were not 
available for companson with the respective resistant smooth forms, the analysis 
remains incomplete and the interpretation inconclusive 

DISCUSSION AND CONCLUSIONS 

With exposure to vanous drugs, the pneumococci have developed a tolerance 
to the respective drugs along with an alteration, m varied instances, in their 
enzymatic activities These resistant orgamsms show lowered dehydrogenase 
activity This modification of activity is related to the types of pneumococci 
and the substrates tested, it does not represent a uniform pattern for aU the 
strams that have developed resistance to various drugs Resistant type I 
orgamsms, for example, exhibit greater tendency toward loss of dehydrogenase 
activity, whereas the resistant type III orgamsms are less inchned to deviate 
from the normal pattern of the parent These differences are discussed in the 
text (see also tables 2 and 4) Since the normal activities of the three types of 
pneumococci investigated are m themselves vanable, this varied tendency toward 
loss of activity upon exposure to drugs may, in effect, be a reflection of varied 
metabohc capacities of the different orgamsms These findings emphasize the 
hazards that may be involved in studies which attempt to draw generahzations 
from experiments performed with single strains of orgamsms 

In general, there appears to be a similarity m response between the two 
acndines and propamidine Also, it was with these that sigmficant cross 
resistance was demonstrated 

The sulfonamide-resistant orgamsms (mucoid) show no change in glucose and 
lactate activity but measurable delay m glycerol activity MacLeod (1939), 
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stedymg sulfapyndme-resistant pneumococci (type I), also found no change in 
glucose activity but loss of glycerol activity in comparison with the susceptible 
parent organism However, he also reported loss of abihty to reduce methi lene 
blue in the presence of pyruvate and lactate as substrates Under the conditions 
of our expenment, pyruvate could not act as substrate for normal organisms and 
no change m the lactate activity of the resistant organisms could be found Wo 
are unable to give any explanation for these discrepancies 

Two of the three optochin-resistant organisms retained normal activity 
Onty the resistant tj^pe I organism was affected, and this in all substrates (table 
4) Because of the vanabihty of this response, interpretation must remain 
mconclusive This is only another manifestation of the greater imnabiLty of 
the resistant type I organisms to the loss of dehydrogenase actmtj’' 

Smee HHP and ethyl alcohol were used as substrates only with the type I 
orgamsms, no generahzations with respect to the other types can be made vith 
these substrates However, it may be significant that loss in HDP actnitv 
followed the same pattern as loss in glucose activity for the type I organisms 
All but the sulfonamide-resistant orgamsm exhibited a marked decrease in 
activitj’’ 

The data presented here may be of some help to characterize the nature of 
resistance and the mode of action of the drug An interpretation of the mecha- 
nisms of the observed resistance phenomena can at present be only in the nature 
of suggestions based on the analysis of the data presented here and of previously 
reported mvestigations (Sevag, 1946) Susceptibihty to drugs must depend 
upon an mterference with or a disruption of chemical reactions involved in the 
phj^siology of the organisms Unhmdered functionmg of the pliysiological 
actmties of the resistant orgamsms must depend on metabohcally active sites 
not susceptible to the action of drugs 

Smee it IS known that the oxidative enzymes of bacteria are subject to in- 
hibition by these drugs, the development of resistance may involve either a rcduc 
tion m the degree of the activity of drug-sensitive enzymes or a certain alteration 
m the properties of these enzymes, resultmg in their loss of affimty for a drug 
and a related loss of oxidative activity as veil The resistant organism vould 
need to utilize alternate metabohe processes that are not susceptible to the 
action of the drug for the mamtenance of their modified physiological functions 
(Sevag, 1946 , Sevag and Green, 1944) Considenng the flavoprotcin system as 
an example and, as previously stated, the most hkely one mi olved, a depletion 
or alteration of either the protem or coenzyme group vould lead to Ion creel 
actmty and to the elimination of susceptibihty to the action of drugs An 
attempt toward the resolution of this problem will be presented in succeeding 

studies 


SCMM-XBT 

The development of resistance of pneumococci (tjpes I, II, and ”) 
mhibitorj^ action of acnfiaime, atabnne, propamidme, optochm, and 
IS desenbed Data are given as to (a) the degree of res^tance obtamdl, fb) the 



1948] 


RESISTANCE OF PNEUMOCOCCUS TO DRUGS 


721 


number of transfers in the drug required for the development of the mnyimnm 
degree of resistance, (c) the stability of resistance once obtamed, (d) the produc- 
tion of smooth and rough phase variants, (e) cross resistance, and (f) a com- 
parison of dehydrogenase activities 

A marked degree of cross resistance occurred between propamidme- and acn- 
flavme-resistant orgamsms in that orgamsms made resistant to propamidine were 
also resistant to acnflavine and vice versa The atabnne-resistant organisms 
shared a lesser degree of cross resistance with the acnflavine- and propamidme- 
resistant pneumococci Pneumococci resistant to the other drugs were only 
resistant to the drug to which they were exposed 
By conventional Thunberg techniques, dehydrogenase activities of the parent 
susceptible and drug-resistant pneumococci were determined in the presence of 
glucose, glycerol, lactate, hexose diphosphate, and ethyl alcohol Pyruvate, 
succmate, maleate, and fumarate were mactive as substrates All atabnne- 
resistant mucoid orgamsms showed a marked decrease m glucose activity, sig- 
nificant loss of lactate activity, and unaltered glycerol activity Sulfonamide- 
resistant mucoid pneumococci were altered only by a reduced glycerol activity 
Propamidme-resistant pneumococci all showed decreased glucose activity, how- 
ever, only resistant type II organisms were unaltered m lactate activity, and 
only resistant type I organisms showed decreased glycerol activity Acnflavine- 
resistant pneumococci were more varied m type I, showmg decreased glucose and 
lactate dehydrogenase activities, t3q)e II showed only decreased glucose activity, 
and type III was unaffected Only the type I optochm-resistant orgamsms 
exhibited decreased activity and this m aU substrates tested Hexose diphos- 
phate and ethyl alcohol activity of the resistant t3rpe I orgamsms (except sul- 
fonamide) was significantly decreased in varying degrees 
The activities of a few phase variants were examined but the results presented 
anomahes which could not be satisfactorily analyzed 
The mechamsm of the altered dehydrogenase activities of the resistant pneu- 
mococei and its relationship to the mechamsm of the resistance to drugs are 
discussed 
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In the preceding study (Gots and Sevag, 1948) it was shown that pneumococci 
made resistant to vanous drugs frequently possessed dimimshed dehydrogenase 
activities It was suggested that the decreased dehydrogenase activity of the 
particular resistant orgamsms was a manifestation of a deficiency of susceptible 
sites, 1 e , the resistant organisms depended on nonsusceptible metabohe sites 
for the maintenance of their physiological activities The effect of the drugs on 
the dehydrogenase activity in the presence of the vanous substrates was therefore 
investigated to obtain information concermng these questions and to charactenze 
certam of the enzymes mvolved in the production of the observed phenomena 

Inhibition of Dehydrogenase Activity 

Methods and results For the determmation of the methylene-blue-reducmg 
abihty of the orgamsms a refinement of the techmque used by Schnabel (1920) 
was used This was substituted for the conventional Thunberg method, previ- 
ously used, in order to facihtate the performance of simultaneous expenments 
with several substrates and varying concentrations of drugs, orgamsms, and other 
additions Since some expenments mvolved 100 or more combmations, the use 
of Thunberg tubes would have been prohibitive The techmque, m effect, is a 
nucroadaption with some expenments bemg conducted with as httle as 0 05 mg 
of orgamsms The results obtamed by this method are quahtatively, but not 
quantitatively, comparable to those obtamed by the Thunberg techmque 

The bactenal suspension and the reagents used were prepared as previously 
desenbed (Gots and Sevag, 1948) Usmg small serological tubes (lO-by-100- 
mm), the system consisted of 0 05 ml of methylene blue (0 001 m m m/20 phos- 
phate buffer at pH 7 6), O 1 ml of substrate, 0 1 ml of drug, bactenal suspension 
(0 1 mg per 0 1 ml), and m/20 phosphate buffer (pH 7 6) to give a total of 1 ml 
The bactenal suspension was added last, the contents were immediately mixed, 
and 1 ml of melted petrolatum was carefully layered over the mixture The 
tubes were then placed in a water bath at 37 C and the time m mmutes required 
for 100 per cent reduction of the methylene blue was recorded 

^ The investigation was begun under a grant from the Josiah Macy, Jr Foundation 

This investigation was supported, in part, by a research grant from the Division of 
Research Grants and Fellowships of the National Institute of Health, U S Pubbe Health 
Service 

* Abbott Fellow m the Department of Bacteriology, 1947-1948 
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Inhibition of dehydrogenase activities of drug-suscepiible parent orgaiiims 
Since all of the susceptible types were affected by tbe drugs in a similar manner, 
data are presented (table 1) for a smgle type Tbe results from typical e\pen- 
ments are given in table 1 for glucose, he\ose diphosphate (HDP), and eth\ 1 


TABLE 1 


The effect on dehydrogenase activity of pneumococcus, type I, of acnflaiine, alabnnc 
propamidine, optochin, and sulfonamide in the presence of glucose, hexose 
diphosphate (HDP), ethyl alcohol, glycerol, and lactate 



£t£UG 

CONCERN 

TKATIOS 

(Xitr*) , 

1 

GLUCOSE 1 

(0 001 if) 

HDP 

(0 OOJ 

1 ETHYL AtOCHOL 

1 (0 J M) 

OLYCEBOL 
(0 1 M) 

LACTATt 
(01 if) 

Mg of organisms used 

02 

( 01 , 

03 

( 02 i 

' 02 

f 01 

1 OJ 

1 “-s 

' 1 




Reduction time m minutes 



Acnflavine 

1 1 0 I 

17 

{ 85 1 

21 

1 95 ! 

cr 

CO 

1 39 

5t 


I 0 5 ; 

14 

1 50 r 

21 

; 95 ' 

CO 

CO 

i 30 

48 


i 0 25 1 

11 

' 27 , 

21 

1 ! 

>120 

>120 1 

30 



1 0 00 ! 

8 

, 18 1 

11 

1 19 j 

22 J 

38 1 

29 


Atnbnne 

4 0 



27 

95 

1 

SO 

1 cr 1 


1 

1 


1 2 0 , 

24 

CC [ 

21 

1 68 1 

er 

« 

43 

, cs 


' 1 0 1 

18 

07 

21 

; 32 

120 

150 , 

35 , 

GO 


1 0 5 

13 

26 




1 

27 

40 


; 0 00 

8 

IS 

11 

19 

22 j 

38 , 

33 

45 

Propamidine 

1 10 0 

14 

‘ SO 

10 

16 ' 

31 } 

38 ( 

>120 j 

75 

! 5 0 ' 

11 

' 2S 

10 

17 

43 

38 1 

82 1 

3o 


1 2 0 j 

10 , 

21 

10 

10 

37 ; 

38 , 

GO 1 

32 


, 0 00 1 

9 

19 1 

11 

19 

22 ' 

38 ' 

40 1 

31 

Optochin 

1 10 0 , 
5 0 

2 5 

cr 

y~ ' 

27 

CC * 

cr 

CO 

CO 

22 

14 

CO 

72 

2S 

cr 

CO 

51 ; 

cr ' 

CO 

150 

45 

30 

37 

35 


1 1 25 

0 625 

17 

14 

S5 

34 

11 

20 

35 


23 
2S ‘ 

32 

20 


' 0 00 

9 

20 

11 

19 

22 

35 

28 

20 

Salfathiazole (N 
salt) 

Sulfapj ndine 

a , 40 0 

1 4 0 

0 00 

8 

8 

8 

19 

22 

20 

8 

12 

11 

16 

21 

1 

22 

25 

22 

35 

37 

38 

1 

28 

30 

!0 

48 

48 

IS 


alcohol with two different weights of organisms The conditions 
i)P ind ethyl alcohol were those under vh.ch normal 

tw of fflucoi Glycerol and sodium lactate dehydrogenase activities ere 
consistency low and the results shown are tho.-e obtained with 0 G mg o orga 
A of organisms greater than this v as impractical becau e m 


creased endogenous actnitj 
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In all cases, the degree of inhibition of the methylene-blue-reducmg abihty by 
a given concentration of a drug was related to the weight of organisms used 
Inhibition by the drugs occurred less readily in the presence of greater amounts 
of bactenal cells 

Glucose dehydrogenase was inhibited by all the drugs except the sulfonamides 
Concentrations as high as 1 250 of sodium sulfathiazole and 1 2,500 of sulfa- 
pyridme did not inhibit the activity of any of the substrates (Factors responsi- 
ble for this effect are discussed below ) The twm acndines, acnflavine and 
atabrine, inhibited the glucose dehydrogenase m comparatively high dilutions 
Optochm required shghtly higher concentrations, and propamidme even more, 
for the inhibition of glucose dehydrogenase activity The activity m the 
presence of HDP is less inhibited than that m the presence of glucose, and it is 
not at all affected by propamidme Ethyl alcohol activity is also httle affected 
by propamidine, but acnflavine exerts its greatest inhibition m the presence 
of this substrate Glycerol and lactate activity are only shghtly affected by the 
drugs, with propamidine being the most inhibitory Concentrations higher than 
those shown for propamidme, optochm, and sulfapyndme could not be obtained 
because of msolubihty m the phosphate medium Higher acnflavine concen- 
trations resulted m the clumping of the orgamsms 

The amount of drug required to inhibit dehydrogenase activity is much 
greater than that reqmred to inhibit growrth, as given m the preceding paper 
However, the number of organisms reqmred (300 to 400 milhon) to give demon- 
strable dehydrogenase activity is far greater than the number of organisms (80 
to 90 milhon) present m the t3q5ical mocula of the growth systems Smce the 
dehydrogenase activity and its degree of inhibition by the drugs are dependent 
upon the number of organisms present, this would explam the difference m the 
amount of agent required for the inhibition m the two systems In experiments 
conducted wuth 0 05 mg of orgamsms (150 milli on cocci) or m sysfc ems with a 
particularly low activity, glucose dehydrogenase activity could be inhibited by 
atabnne concentrations as low as 1 160,000 This is of the same order of mag- 
nitude as the grovrth-mhibitmg concentration of atabnne of 1 400,000 

With glucose, the substrate concentration is also a factor determmmg the 
degree of inhibition obtained with at least atabnne, propamidme, and, to a lesser 
extent, acnflavme In an experiment with the type III organism, the foUowmg 
results were obtamed m 0 1 m and 0 001 m of glucose with 0 1 mg (300 to 400 
imlhon) of bactenal cells (table 2) Thus, the inhibition is smaller m higher con- 
centrations of glucose This could only be examined with glucose as substrate 
smce the activities m the presence of the other substrates are dependent on an 
optimal substrate concentration, and the degree of inhibition is dependent on the 
activity manifested under optimal conditions 

The failure of sulfonamides to inhi bit the activity m the presence of any of the 
substrates was confirmed by use of the Thunberg techmque Concentrations as 
high as 1 160 of sodium sulfathiazole were completely ineffective As will be 
noted m the discussion, this lack of inhibition is due to the antagomsm of methyl- 
ene blue 
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The ability of propamidine to inhibit glucose activity but not HDP actuity 
^ght indicate an interference with phosphorylation mechanisms This vould 
be more decisive if the exact nature of the two dehydrogenase systems nero 
better defined It is yet to be determined whether glucose must first be plios* 
phorylated m order to serve as a hydrogen donator m these dehydrogenase 
systems or whether it can be directly oxidized to, eg, gluconic acid wthout 
phosphoiylation In Thunberg experiments, however, some inhibition of IIDP 
activity by propamidine could be obtained with 1 1,600 concentration In- 
hibition by propamidine was found to be peculiarly dependent on the order of 
addition of vanous agents When the drug was added with the substrate from 
the side arm of Thunberg tubes after 10 minutes’ incubation, the inhibition of 
glucose activity was less than when the drug was allowed to incubate in the 

TABLE 2 


The effect of glucose conceniraiton on the tnhtbilton of glucose dehydrogenase of pneumococcus, 
type III, by acnflavine, aiahrine, and propamidine 



1 PHOPAinDlNE 

1 ACJ!IPI.;lVJNE 


ATAMJNr 




(Xicr<) 


1 

(XIO") 


(XlO-*) 




I 

1 ^ 

1 25 1 

[ 20 

j 0 5 ( 0 25 

1 

( 0 25 

J 0 125 

{ 000 


! Methylene blue reduction time (minutes) 

Glucose 0 1m 

CO ; 

1 

1 20 

00 1 

j 60 ) 45 

CO 

1 60 

1 j 

! 10 

Glucose 0 001 it 

00 1 

! « j 

68 

“ 1 

I 90 j 45 

" 1 

to 1 

1 ^ 

1C 


presence of the orgamsms before substrate was added alone from the side arm 
Smee in the experiments using the Schnabel techmque the orgamsms are added 
last, this may well explain the failure of HDP inhibition by propamidine when 
determined by this method * 

At any rate, the inhibition of glucose activity m any system is greater than 
that of HDP activity by propamidme, as well as by atabnne The possible 
action of these drugs on the phosphorylation mechanisms will require furtiicr 
study Atabnne has already been implicated m the interference with these 
systems (Speck and Evans, 1945, Bovanuck, Lindsay, and Hellerman, 1910, 
Marshall, 1948a) 

Effects of the drugs on the dehydrogenase activity of resistant organisms in- 
hibition of the dehydrogenase activities of the resistant organisms was stu ic 
m order to determine if the resistance to inhibition of gro^vth was associated with 
a resistance to inhibition of dehydrogenase activity by the drugs 

Usmg the Schnabel techmque, a companson of the inhibitions of glucose 


« Propamidme possesses another property that might add to its debj f 
action la Thunberg e\penmenfs, if high concentrations o propami ^ „ 

the side arm after the orgamsms have reduced the mcth> Icnc blue m the p c 
the leuco form is slowb reoMd.zed to the blue fora This Y. rubV^^t^ 

between methjlene blue and propamidme for the j 

irhich would e^lain the observed decrease m inhibition m the presence of me c. 


etrate 
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dehydrogenase activity for susceptible and resistant organisms was made Only 
the glucose dehydrogenase activity was studied in these experiments because this 
was the most readily inhibited and, as previously reported (Gots and Sevag, 
1948), the most frequently decreased in resistant orgamsms This difference in 
the glucose activity of the susceptible and resistant orgamsms in the absence of 
the drugs presented difficulties when the degrees of inhibition of the activities of 

TABLE 3 

Inhibition of glucose dehydrogenase of pneumococci by acriflavine, atabnne, propamidine, 

and oplochin 


(A comparison of reduction time in minutes for susceptible and resistant organisms in 

glucose, 0 001 m) 


DKUO 

1 

DRUG 
CONCEN 
TRATIOV 1 

(Xicr*) 

TYPE t 

TYPE n 

TYPE m 

Susceptible 

Resistant 

Susceptible 

I Resistant 

|Su5ceptibIe| Resistant 

Ms of orgamsms used 

0^ 1 

01 1 


m 


1 “1 

1 02 

1 

1 0^ 

1 01 

1 OJ 

1 01 


■■ 




fiduciton time tn mtnutes 





Acnflavme 


17 

85 ; 

44 

CO 

00 

CO 

21 

115 

25 

00 

67 

00 



14 

60 

18 

CO 

26 

CO 

18 

52 

18 

45 

28 

CO 


mEi 

11 

27 

14 

76 

22 

65 

16 

43 

15 

28 

18 

70 


Ira 

8 

18 

11 

27 

10 

29 

12 

38 

8 

16 

16 

44 

Atabnne 

2 0 

24 

09 

94 

CO 1 

^ 1 

00 

CO 

CO 

CO 

CO 

CO 



1 0 

18 

00 

77 

00 

CO 

00 

73 

00 

27 

00 

40 

CO 


0 5 

13 

26 

60 

00 

36 

00 

24 

CO : 

21 

CO 

30 

CO 


0 25 





20 

CO 

21 

00 j 

18 

49 

18 

00 


0 00 

8 

18 

38 

00 

9 

28 

20 

52 

8 

16 

16 

43 

Propamidine 

10 0 

12 

CO 

la 

GO 





17 

CD 

12 

30 


5 0 

10 

40 


47 





9 

29 

12 

29 


2 5 

9 

21 

■9 

33 





8 

17 

12 

27 


0 00 

9 

20 

16 

33 





7 

16 

12 

27 

Optochin 

5 0 

CQ 

00 

CO 

00 






1 

1 




2 6 

27 

09 

50 

oo 










1 25 

17 

43 

28 

00 









1 

0 625 

14 

34 

26 

78 










0 00 

8 

1 

24 

22 

50 










the two orgamsms were compared Since the degree of mhibition is related in an 
inverse manner to the abihty of the bactenal suspensions to reduce methylene 
blue, a decreased activity will naturally show greater susceptibihty to inhibition 
Therefore, in companng the effect of the drugs on dehydrogenase activities, a 
smular base hne of control activity had to be made in most instances This 
could be accomphshed by mcreasing the number of the resistant organisms in the 
comparative test systems so that their control activities approached the activities 
characteristically demonstra,ted by fewer susceptible organisms 
Table 3 presents data from typical experiments permittmg this adjustment 
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For example, m type III resistant organisms the control activity of 0 2 niir cclh 
IS appro^ately that of 0 1 mg of the susceptible organisms, and the inhibition 
of activity by the respective drugs is much greater for the susceptible than for the 
resistant organisms The effect of an increase in the number of organisms 
irrespective of activity, on the degree of inhibition obtained may veil he a sig- 
nificant factor However, in several cases when, in control systems, the resistant 
cells do not show a greatly decreased activity, a comparison of activities obtained 
with the same number of susceptible and resistant cells can be made For 
example, the inhibition of type 11 cells by acnflavine shows that, vhether one 
compares the activities of (a) 0 2 mg of susceptible cells with those of 0 2 rag 
resistant cells, or (b) 0 1 mg of susceptible cells with that of 0 2 mg resistant cells, 
or (c) 0 1 mg of susceptible cells Avith that of 0 1 mg of resistant cells, the dchydro 
genase activities of the resistant cells are markedly more resistant than those of 
the susceptible cells The results wth type II atabrine cells show that 0 2 mg of 
resistant cells, with an activity slightiy greater than that of 0 1 mg susceptible 
cells, are more resistant Two-tenths mg of type I atabrine-resistant organisms 
manifest a greatly decreased methylene blue reduction time of 38 minutes In 
contrast, 0 1 mg of the respective susceptible cells required 18 minutes for the same 
performance Despite this difference m activity, the resistant organisms were 
inhibited only 60 per cent by a 1 5,000 concentration of atabrine, whereas the 
susceptible organisms were completely inhibited by a 1 10,000 concentration of 
the drug This relationship is mdicated also by types I and III propamidinc- 
resistant cells For example, 0 2 mg of propamidine-resistant type I cells hai mg 
a control activity comparable to that of 0 1 mg of susceptible cells shov strong 
resistance to propamidme This relationship can similarly be seen with type III 
propanudme-resistant and type I optochin-resistant cells 

With the possible exception of the t 3 qie I acnflavine-resistant organism, all 
of the resistant pneumococci are thus less subjected to inhibition of their glucose 
dehydrogenase activity by the respective drugs than are the corresponding 


susceptible parent stams 

Acndtne and diamtdine cross resislance to inhibilton of dehydrogenase aclint’j 
In the precedmg study, the rationale for the mclusion of the aromatic diamidinc, 
propamidme, was based upon pubhshed observations of a similanty of action 
between this compound and the acndines This similarity of action vas ex- 
tended in the observations (a) that a cross resistance to inhibition of grovtli 
between the two compounds existed, and (b) that loss of dehydrogenase activity 
by the pneumococci made resistant to these agents followed a similar pattern 
Since the resistant organisms are also resistant to glucose dchydrogena-c in 
hibition, a study wms made of the cross resistance in this respect 

Using the same methods, the inhibition of glucose dehydrogenase activity bv 
all three drugs was determined for the parent cells which were rodant ari'l 
susceptible to aenflavune, atabnne, and propamidme This companion was 
made with all types with similar results, but, because of the large vanations ot 
control activities, a comprehensive comparison was only possible with 
in organisms With these organisms a common range of actnitv coum 
obtamed with a twofold mcrease m the number of the resistant organi=m'« 
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Table 4 presents the results compared on a common basis of a drug-free activity 
of 12 to 16 minutes methylene blue reduction time The results are given m 
percentages of inhibitions calculated from reduction times (e g , with 12 minutes 
as the reduction time for the control, 24 minutes in the presence of drug would 
correspond to a 50 per cent inhibition) With the exception of the atabrine- 
resistant organisms m propamidine, all the resistant orgamsms are less inhibited 
than the parent susceptible organisms Organisms made resistant to one drug 
exhibit a resistance to the inhibition of dehydrogenase activity not only by that 
drug but also by the drugs to which they never had been exposed This cross 
resistance is manifested more between acnflavme and propamidine than between 
atabrme and the others A similar relationship existed between the cross 
resistance to the inhibition of growth 

TABLE 4 


Inhibition of glucose dehydrogenases by atabrme, acnflavme, and propamidine of susceptible 
type III and corresponding resistant pneumococci 


DRUG 1 

DRUG CONCEK 
TRATION 

SUSCEPTIBLE 

(0 1 uo cells) 

ACSIFLAVINE 
RESISTANT 
(0 2 MG CELLS) 

ATABRINE 

RESISTANT 

(0 2 MO cells) 

PROPAMIDINE 

RESISTANT 

(0 2 MG cells) 

Percentage of inhibition 

Acnflavme 

i 

1 0 

100 


80 

38 


0 5 

65 


34 

16 


0 25 

53 


21 

i 

12 

Atabrme 

2 0 


1 

100 

100 

47 


1 0 

88 

45 

60 

33 


0 5 

1 

83 

30 

46 

22 

Propamidine 

10 0 

100 

43 

100 

27 


! 5 0 

* 54 

28 

38 

8 

j 

2 5 

30 

20 

32 



The activity of organisms in the absence of a drug was 12 to 16 minutes 


The Effects of Riboflavin 

In order to determine the role of flavoprotem m the resistance phenomenon) 
experiments were performed with riboflavin to study its effects on the inhibition 
of growth and dehydrogenase activity by the drugs and on the impaired activity 
of the resistant strams 

Methods The inhibitory effect of the drugs on growth systems was deter- 
mmed m the partially defined medium of Adams and Roe (1945) contaimng 
vitamm-free casein hydrolyzate (SMACO) mstead of the “casammo acids ” 
Vanous batches of media were prepared contaimng vaiymg concentrations of 
nboflavin (Merck) added from stock solution in 0 02 N solution of acetic acid 
The inhibition of growth was determined as previously descnbed (Gots and 
Sevag, 1948) 

Dehydrogenase experiments were performed by the Schnabel method The 
vitamms, prepared freshly m phosphate buffer, were substituted for part of the 
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p^sphate buffer m the final system AJl other reagents and preparations 
remained as previously descnbed ^ 

Effect of nboflamn on the inhibition of growth The minimal amounts of drug 
required to inhibit the orgamsms m the presence and absence of added nboflavm 
are given m table 5 The presence of nboflavm had no effect on the inhibition of 
growth by sulfathiazole and only shgbt effect on inhibition by optochin and 
propamidme The inhibition by acnflavme and atabnne is affected more by the 
presence of nboflavm, m that higher concentrations of these drugs are required 
for inhibition of growth as the concentration of nboflavm is mcreased For 
example, twice as much atabnne is required to inhibit tjqie III organisms in the 
presence of 10 gg of nboflavm per ml, 4 tunes as much with 100 ftg, and 8 tunes 
as much with 250 gg The data given are based on 24-hour readings The 
rehef of inhibition by nboflavm was more pronounced with prolonged readings 
By turbidunetnc readmgs with the Elett photoelectnc colorimeter, it was found 
that the rehevmg of inhibition by nboflavm could not have been due to a stimu- 
latory action of the vitamm smce its presence, per se, m the absence of drugs, 
had no such effect 

Effect of riboflavin on the inhibition of glucose dehydrogenase aciimiy by the drugs 
The inhibition of glucose activity by propamidine, acnflavme, and atabnne is 
also reheved by the presence of nboflavm Table 6 gives the results for a topical 
experiment with 0 1 mg of susceptible type II organisms m 0 001 m glucose 
The other types behaved similarly The activity m the absence of the drug was 
stimulated as nboflavm concentration was mcreased However, the effect of the 
added nboflavm on rehevmg the inhibition by propamidme and the acndines iias 
quite disproportionate to what might have been expected on a stimulator}' basis 
alone The effect of the vitamm on inhibition produced by optochin is, hoi\e\ cr, 
of the same order as the stimulation which it shows m the absence of the drug 
In this case, there does not appear to be any true antagonism Nicotmainidc 
and thiamme m concentrations equimolar to that of nboflavm were also tested 
for antagonistic effect m these systems and were found to be completely in- 
effective 


nisenssrojr anu coNCLusIo^s 

Pneumococci possess dehydrogenase Q^stems, particularly active on glucose ns 
substrate, which are susceptible to the action of the drugs, the dchydrogcmu^c 
activities of the resistant organisms, though reduced, are more resistant to the 
action of the drugs This suggests that the susccptibihty and resistance to 
inhibition of growth may well be a function of these systems In the ab'cncc of 
well-defined information concermng the mtermediary steps imolvcd m normal 
dehydrogenase activity, as well as mcompletc extension to other sj stems, 
peremptory conclusions cannot be drawn However, since nboflai m is at 
mvolved as an antagonist to the inhibition of both gronth and dehydrogpoa.-c 
activity by the aendmes and propamidme, the flavoprotem is offered as a site ol 
action of these compounds 

A correlation of the pattern of decreased dehydrogenase activity oftherc.»2 tant 



TABLE 5 


Antagonism by riboflavin to the inhibition of growth* of pneumococci by drugs 


TYPE 

DSUO 

EIDOFLAVIH (flg/Ul) 

None 

10 

100 

250 

Minimal inhibitory concentration of drug 

I 

Propamidine 

6 25 

12 50 

12 50 

12 50 


Acriflavine 

1 25 

2 60 


6 00 


Atabrme 

2 50 

5 00 


10 00 


Optochin 

0 62 

0 62 


1 25 


Sulfathiazole 

31 20 

31 20 


31 20 

II 

Propamidine 

12 50 

12 50 

— 

25 00 


Acriflavine 

0 62 

0 62 

1 25 



Atabrme 

5 00 

5 00 




Optochin 

2 50 

2 60 


2 50 


Sulfathiazole 

15 60 

16 60 


7 80 

III 

Propamidine 

12 50 


12 60 

25 00 


Acriflavine 

2 50 


5 00 

10 00 


Atabrme 

2 50 

5 00 


20 00 


Optochin 

5 00 

5 00 


10 00 


Sulfathiazole 

31 20 

31 20 


31 20 


* enty-four-hour growth at 37 C 


TABLE 8 

Effect of riboflavin on the inhibition of glucose dehydrogenase 


(Type II susceptible pneumococcus, 0 1 mg , glucose concentration = 0 001 m) 


DSUO 

DRUG CONCEN 
TEATION 

EIBOTLAVIN (pg/UL) 

' None 1 

100 

[ 200 

o 

o 


iig/ml 


reduciton fmc to tntnuies 


Control 

— 

16 

13 

11 

10 

Propamidine 

1000 

00 

CO 

00 

42 


500 

00 

94 

39 

25 


250 

24 

20 1 

18 

12 

Acriflavine 

100 

00 

GO 

56 

32 


60 

44 

31 

23 

16 


25 

16 

14 

13 

12 

Atabrme 

400 

00 

00 

1 

00 

00 


200 

CO 

00 

CO 

106 


100 

90 

50 

32 

24 

Optochin 

250 

00 

CO 

CO 

CO 


125 

45 

43 

38 

28 


62 5 

36 

35 

30 

18 

No glucose 

— 

00 

CO 

00 

00 


Parallel tests with equimolar concentrations of nicotinamide and thiamine showed no 
effect 
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organisms (Gots and Sevag, 1948) with the inhibition spectrum obtained in tlic 
presence of vanous drugs and substrates is desirable Atabrme-resistant orean- 
isms showed a marked decrease in glucose, HDP, and ethyl alcohol dehydro- 
genase activity, slight decrease in lactate, and no change in glycerol The in- 
hibition of the correspondmg dehydrogenase ^sterns of the susceptible cells by 
atabrme corresponds to this pattern remarkably in that atabrine inhibits the 
dehydrogenation of glucose, HDP, and ethyl alcohol, but practically no effect on 
lactate and glycerol dehydrogenases was observed Acnflavine and propami- 
dine, in general, also follow this correlation of impaired dehydrogenase activitj 
of resistant organisms and the susceptibility of the susceptible cells to the in- 
activation of dehydrogenase activities by these drugs The results uith propami- 
dine m the inhibition experiments with HDP and ethyl alcohol present certain 
peculianties which have been fully discussed m the text The activities of all 
three of the susceptible orgamsms were similarly inhibited by optochin yet only 
the resistant type I organism showed any loss of activity The present etpen- 
mental data offer no explanation for this discrepancy 
MacLeod (1939) reported sulfapyndme inhibition of glycerol, lactate, and 
P 5 rruvate dehydrogenase activities with type I pneumococcus The dchjdro 
genase activities m all substrates examined by us were completely unaffected by 
high concentrations of the sulfonamides Even though the glycerol activity of 
the parent strain was not inhibited by sulfonamides, the sulfonamide-resistant 
organisms did show a decrease in glycerol activity The obsenmtions of Clifton 
and Loewinger (1943) may throw some light on this inconsistency They found 
that the oxygen consumption and anaerobic glycolysis of Escherichia colt arc 
inhibited by sulfonamides However, the dehydrogenase activity measured b> 
methylene blue reduction was not interfered with even with saturated solutions 
of sulfonamide This observation was interpreted by Sevag (1916) to indicate 
that methylene blue competes effectively with sulfonamide for flavoprotcm and 
therefore no inhibition of methylene blue reduction could be observed Thc'c 
observations can be analogously applied to the pneumococci in that respiration 
of t 3 T)e I pneumococci is inhibited by sulfathiazole up to 40 per cent (Se\ ag and 
Shelburne, 1942, Sevag, Richardson, and Henry, 1945) and, as is found in the 
present study, the dehydrogenase activity in the presence of methylene blue la 
not affected in the highest concentrations of sulfathiazole Eyster (1 9 12) found 
that sulfanilamide in companson to other narcotics is extremely potent w its 
effect on the adsorption of methylene blue by charcoal particles 
In a preliminary study, the antagonistic effect of methylene blue on the in- 
hibition of aerobic respiration by sulfonamide was determined in the Barcroft- 
Warburg apparatus The sj-stem contained 1 rag of pneumococcus, tj pe I, con- 
taining catalase, 0 03 m glucose, and m/20 phosphate buffer of ^ 6 i le 
mowing results were obtained the control had a QO- value of 2i0, viti 
3 8 X lO-’M sulfathiazole there was GI percent inhibition Tins inhibition wit” 

1 67 X 10-* M methylene blue w as reduced to G per cent Met h} Jene blue alon'' 

also showed 54 per cent inhibition 

Although the interrelationship of the findings above is being furtfvr invc 
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gated, the results of similar expeiiments with the Thunberg techmque on 
sulfonamide, methylene blue antagonism ean be reported as conclusive In 
three systems m which the order of the addition of various factors was varied, 
only the system in which methylene blue was added last from the side arm of the 
Thunberg tube showed 57 per cent mhibition of the reduction of the dye by 
sulfathiazole This inhibition indicates that sulfonamides and methylene blue 
compete for the same enzyme site 

On the basis of the antagomstic effect of riboflavin on the inhibition of both 
growth and dehydrogenase activity, and the failure to produce these effects by 
thiamme and nicotinamide, there would seem to be a defimte corielation between 
flavoprotem metabohsm and resistance to acriflavine, atabrine, and propamidine 
The action of optochm cannot be so correlated from the present findings, and, m 
view of methylene blue antagonism, the data with sulfonamides are as yet inade- 
quate and reqmre further detailed study 

The competition of the acridines with nboflavin can be postulated on the basis 
of structural similarity Proparmdine has an action similar to that of the 
acridines, in many respects, yet bears no structural similarity to either the 
acridines or nboflavm Conversely, the two acndines show pomts of dissuni- 
lanty in behavior in spite of similar structure It would appear, therefore, that 
structural sinulanty is not an absolutely essential factor for the accomplishment 
of the mterferences observed Yet, irrespective of the nature of the competition, 
the fact that a dimensional similarity between an mhibitor and competing 
metabohte does exist would naturally result in an enhancement of the interfer- 
ence The mterference by agents which are dissimilar m structure v ould depend 
on other properties which could still be associated with the competition The 
structural analogues, m addition to the property of similar configuration, may 
also share these other properties In the present study, the acndines and 
propamidmes show a common property of basicity The catiomc nature of these 
compounds has led to an explanation of their mode of action on the basis of 
competition with hydrogen ions for vital enzyme positions (Brownmg, Gulbran- 
sen, and Kennaway, 1919, Elson, 1945, Albert et al , 1945, Massart et al , 19476) 
On the basis of the observed inhibitions of respiration by acndines (Silverman, 
Ceithaml, Tahaferro, and Evans, 1944, Ferguson and Thome, 1946, Massart 
et al , 1947a, Deley, Peeters, and Massart, 1947, Marshall, 1948a) and by diami- 
dmes (Bemheim, 1943, Marshall, 19486, Wien, Hamson, and Freeman, 1948), the 
negatively charged enzyme protein for which the drug cation and hydrogen ions 
compete is probably the dissociating acidic group of a respiratory enzyme 
Quastel and Wheatley (1931) have suggested that the dehydrogenase system is 
pnmanly of an acidic nature on the basis that basic dyes inhibited and the 
acidic dyes did not inhibit the dehydrogenase activity This would be m agree- 
ment with the observations which have been presented However, the compe- 
tition of an lomzable enzyme hydrogen with a cation of a drug, as discussed 
previously (Sevag, 1946), does not explain the lack of such a competition in a 
resistant organism 
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sumhiari 

The effects of acnflavme, atabnne, propamidine, optochm, and sulfonamides 
on the dehydrogenase activities of pneumococci (types I, II, and III) in the 
presence of glucose, hexose diphosphate (HDP), glycerol, lactate, and cthjl 
alcohol were investigated The glucose dehydrogenase activities of the parent 
susceptible pneumococci were inhibited by all the drugs except sulfonamides 
The latter had no effect on dehydrogenase activity in the presence of an} of (he 
substrates mvestigated This effect has been found to be due to a competition 
between sulfathiazole and methylene blue Dehydrogenase activity is less 
i nhi bited m the presence of HDP than m the presence of glucose by acndincs and 
optochm, and it is not at all affected by propamidme Ethyl alcohol activity is 
also httle affected by propamidme but is inhibited by the acridines and optochm 
Glycerol and lactate activity are only slightly affected 

The degrees of inhibition by drugs are related to the control activities of the 
orgamsms, the number of orgamsms present in the systems, and, in the case of 
glucose, the substrate concentration 

The drug-resistant pneumococci are less subject to the inhibition of their 
glucose dehydrogenase activity by the respective drugs than are the correspond 
mg susceptible parent strams A cross resistance to inhibition of glucose 
dehydrogenase exists between orgamsms made resistant to the acndines and to 
proparmdme. 

Riboflavm can counteract the inhibitory effect of acnflavme and atabrino 
on the growth of the susceptible orgamsms It is only slightly antagonistic to 
propamidme and optochm m the same systems and not at all to sulfonamides 

The inhibition of glucose dehydrogenase activity by the acridines and propami 
dme IS also relieved by the presence of riboflavin, but not by nicotinamide or 
thiamme The inhibition of the glucose dehydrogenase by optochm is unaffected 
by any of the vitamins 

The findings are analyzed and discussed in relation to (a) similarity of the 
physical properties and action of structurally dissimilar acridines and propami 
dme, (b) the effects of these drugs on dehydrogenases in relation to their mode 
of antibacterial action, and (c) the antagonism of riboflavin to inhibition b} 
the drugs 
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In the preceding articles (Gots and Sevag, 1948, Sevag and Gots, 1948) it was 
demonstrated that pneumococci made resistant to various drugs manifest de- 
creased dehydrogenase activities toward glucose, hexose diphosphate, glycerol 
lactate, and ethyl alcohol as hydrogen donators This effect is not shared um- 
formly and to the same degree by all three tjTies of pneumococci, each made 
resistant to various drugs In the preceding studies, no attempt was made to 
determine the extent of the reduction of the dehydrogenase activities of resistant 
pneumococci when hydrogen donators other than those mentioned above were 
used Under these conditions, the degree of resistance manifested by pneu- 
mococci dunng growth m the presence of various drugs cannot, at present, be 
accurately related to the decreased dehydrogenase activities 
The results presented here, however, are clearly indicative of certam basic 
changes in properties which are manifested by drug-resistant pneumococci in 
response to the action of drugs and which are responsible for the decreased 
dehydrogenase activities The particular strain which was used as the test 
object for further information was a t3T)e I pneumococcus Type I appears to 
be capable of expenencing the most widely distributed impairment m dehydro- 
genase activity For example, type I organisms resistant to atabrine and acn- 
flavme show decreased dehydrogenase activity on glucose and lactate, propami- 
dme- and optochm-resistant orgamsms are less active m glucose, lactate, and 
glycerol, and sulfonamide-resistant ones in glycerol only With the exception of 
the sulfonamide-resistant orgamsms, all of the resistant type I organisms also 
showed decreased activity in hexose diphosphate and ethyl alcohol Also, since, 
of the various drugs studied, atabnne was capable of cnpphng glucose dehydro- 
genases of all three types of pneumococci to the greatest degree, a strain of 
atabrine-resistant type I pneumococcus was utilized for this study 
The experiments performed deal with the following points (a) the question of 
cell permeabihty with respect to the decreased dehydrogenase activities of drug- 
resistant cells, a study of the activities of cell-free enzyme systems, their sus- 
ceptibihty to a drug, and their response to excess riboflavin, (b) the effect of 

' The investigation was begun under a grant from the Josiah Macy, Jr Foundation 
This investigation was supported, in part, by a research grant from the Division of 
Research Grants and Fellowships of the National Institute of Health, U S Public Health 
Service 

* Abbott Fellow in the Department of Bacteriology, 1947-1948 
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diimiushmg the number of ceUs on the activity of a system, and the response of 
these ceUs to excess riboflavin, (c) the effect of temperature on the activih of cells 
and their r^ponse to excess riboflavm, and (d) the riboflavin contents of cells in 
relation to their normal and decreased dehydrogenase activities 


EXPERIJCENTAL results 

The techniques used in these ex-penments have been desenbed in the preceding 
articles and need not be repeated here 

Study of celt-free extracts of susceptible and resistant cells The question of 
whether or not the resistance to a drug could be due to an altered cell wall (m the 
resistant organisms) was studied If the permeability of the cell w all undergoes 
alteration durmg the development of resistance, decreased permeabiht}' to the 
drug and the substrates could explam the mcreased resistance and dccrcnscd 
dehydrogenase activities as well To obtam an answer to this question, heav\ 
suspensions of known content of atabnne-susceptible and -resistant cells were 
C3d:olyzed by repeated freezmg and thawmg, or by being incubated in the 
presence of 0 5 m glycme at 37 C for a penod of 20 hours (Cowles, 1947) Cell 
free opalescent enzyme preparations obtamed by high-speed centrifugation 
followmg the use of either method were found to have lost their glucose dciij dro- 
genase activity but to have retamed those for hexose diphosphate and cthjl 
alcohol These preparations were studied with respect to their susceptibility 
to the action of the drugs and for the activatmg effect of added riboflaMn 
Hexose diphosphate was used as the hydrogen donator in these experiments 
The results are given m tables 1 and 2 
The results presented m table 1 show that, as with intact cells, the actnity 
of cell-free preparations from drug-susceptible cells is inhibited by atabrino, 
acnflavme, and optochm Propamidine has no inhibitory action on the hexose 
diphosphate dehydrogenase activity of the cell-free enzyme systems The intact 
ceUs described m the precedmg article w'ere also not inhibited by propamidine 
In contrast to the inhi bition of the cell-free preparations from drug-susceptible 
ceUs, the activity of the corresponding preparations from the atabnne-rcsistant 
ceUs is httle affected by atabnne and acnflavme The inhibition exliibitcd bj 
optochm IS m harmony with the fact that atabnne and optochm resistances arc 
not interrelated Also, it can be seen from the table that the cell-free prcp'intion 
from the resistant ceUs is less active than that of the susceptible cells This can 
be correlated wnth the data previously obtained with intact cells 
The foregomg facts show that the behavior with respect to the drugs of the 
ceU-free enzyme preparations from either kind of cells is comparable to thos'' of 
the correspondmg intact cells It is therefore reasonable to state that tlu re- 
sistance behavior and decreased dehydrogenase actixities of the drug rcsi-tmt 
pneumococcal ceUs are not due to an alteration of their cell wall pcrmcabilit} 
Response of ceU-free enzyme systems to riboflavin The results 
table 2 deal with the response of the cell-free enzjTne preparations to added ril/> 
flavm It can be seen that the activity of the system containing, tor crampK 
0 6 mg of autolyzed drug-susceptible cells undergoes an acceleration from Ij- 
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minutes of methylene blue reduction tune for the control system to 75 minutes m 
the presence of 200 pg of added riboflavin (43 mmutes with 400 /ig of nboflavm) 

TABLE 1 


Drug tnhibitton of hexosc diphosphate dehydrogenase acitvily of eell-free enzyme preparations 
of alahnne susceptible and resistant pneumococet, type I 


DKtrO 

concenthation 

OF DBUO 

METHYLENE BLtTE EEDTJCTION TIME (mINTTTES) 

Susceptible 

1 Resistant 

mg autolyzed cells used* 

09 

1 2 

1 2 

1 5 

None 

— 

38 

19 

64 

28 

Propamidine 


40 

20 

60 

26 


WBSM 

48 

18 

64 

28 

Atabnne 

1 10,000 

80 

39 

70 

30 


1 2,500 

112 

61 

89 

37 

Acriflavine 

1 40,000 

62 

29 

65 

32 


1 10,000 

79 

45 

69 

36 

Optochin 

1 8,000 

71 

31 

73 

35 


1 2,000 

96 

47 

120 

45 


The sj stem contained 0 004 m hexose diphosphate 

* Mg of autolyzed cells determined by subtracting turbidity values of baotenal sus- 
pension after autolysis from turbidity values of original suspensions 


TABLE 2 


Effect of riboflavin on hexose diphosphate dehydrogenase activity of cell-free autolysates of 
susceptible and atabrine-resistant pneumococci, type I 



1 METHYLENE BLUE EEDUCTION TIME (UINUTES) 

EIBOFLAVIN 

Susceptible | 


Resistant 


Olg/ML) 

mg of autolyzed cells used* 


06 

09 

06 

09 

1 2 

None 

132 

40 

>180 

126 

62 

40 

130 


>180 

125 

61 

100 

99 


>180 

112 

53 


75 


130 

69 

45 

400 

43 

28 1 

70 

40 

30 


* See footnote, table 1 


Sunilarly, before the addition of nboflavm, under the same conditions, the control 
system contammg 0 6 mg of autolyzed atabrme-resistant cells shows a reduction 
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tune greater than 3 hours (overnight period) In the presence of 200 /i"- of nbo 
flavm per ml the reduction time was 130 minutes, or an activity equaling tint of 
the control made up of the drug-susceptible cell-free enzjune system ith 100 
Mg of riboflavin, the reduction tune with the resistant cell sj'stem is 70 minutes 
or an activity greater than that of the control made up of the drug-susccptiblo 
enzyme preparation These facts demonstrate that the impaired delv'd rogen^so 
activities of drug-resistant cell-free enzyme systems are reactivablc bj the 
addition of riboflavin 

Inachvating effect of the reduchon of the number of resistant cells in a system on 
the dehydrogenase activity The data presented in table 3 show that a 2 fold 
dilution of drug-susceptible cells, as would be expected, causes a proportional 
increase in the methylene blue reduction time This effect applies invariably to 
glucose, hexose diphosphate, and ethyl alcohol dehydrogenases TOien the drug- 
resistant cells aie similarly diluted, this relationship fails to hold In the case of 
acriflavine- and optochin-resistant cells a twofold dilution causes at least a 3 to 
4-fold increase in reduction time with glucose, and increases up to infinitj in the 
case of atabrme- and propamidine-resistant cells Similarly, with hexose diphos 
phate and ethyl alcohol, a 2-fold dilution of the resistant cells increases their 
reduction time to infinity The differences in activity of the susceptible and 
resistant cells are here emphasized by the fact that, in several instances, 0 2 mg 
of resistant cells fail to show any activity, whereas the same weight of dnig- 
susceptible cells shows a high activity with all three substrates tested 

Restorative effect of nboflamn on the inactivated systems The results presented 
m table 3 also show that the response to added nboflavin of the initially innctnc 
systems, and those which were inactivated disproportionately by t\\ ofold dilution 
of the resistant cell suspensions, are remarkable For example, 01 mg of 
atabrme-resistant cells in the presence of glucose were initially inactive In the 
presence of 400 Mg of riboflavin per ml, the system showed an activity (18 minutes 
of reduction time) equal to that of the reaction system containing 0 2 mg of the 
susceptible cells Even 0 2 mg of the atabnne-resistant cells ix ere inactive at the 
start in the presence of hexose diphosphate and ethyl alcohol Witli dOO pg of 
nboflavin both systems showed, respectively, G7 and 47 minutes of rcliiction 
time In this respect, the response by the ethyl alcohol dehydrogenase sj ^tem 
was much more prompt, shoxving marked reactivation xMth 100 Mg of ribofl'U in 
Since, in the systems containing different weights of the susceptible parent ce i, 
the activity is proportional to the number of cells, the activating effect of t ic 
added 400 Mg of nboflavin on these systems is independent of dilution J or 
example, the glucose dehydrogenase activities of 0 2 mg and 0 1 mg of dnig 
susceptible parent cells correspond, respectively, to 7 and IG minutes of rc Jurtion 
time With 400 Mg of nboflavin, the activity of the 0 1 mg of cells corre-pom r ' 
to 10 minutes of reduction time Such a general stimulating effect by nt;oHa.in 


is obserxed xnth all three substrates . 

The data xxnth sulfonamide are gix en only x ith gl> ccrol, since onl) i> ‘O ‘ ’ 
substrate did the resistant organism show decreased dclij drogr na'c aetix itx 
can be seen, there is only a minor acceleratixm effect bj nboflax in on the ' e - i 
glycerol activity of the resistant cells The effect of nboflax in on tbc d-n 
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activity of the optochin-resistant organisms is no greater than the stimulatory 
effect on the susceptible orgamsms 

Nicotinamide and thiamine were also tned in equimolar concentrations and 
were found to have no effect on the activity of any of the orgamsms 

TABLE 3 


Effect of riboflavin on the dehydrogenase activity of susceptible and resistant type I pneumococci 


OSOANI5U 

KIBOrLAVIN 

Org/Ul) 

! 

GLUCOSE 
(0 001 if) 

HDP 

(0 004 U) 

ETHYL ALCOHOL 
(OlM) 

GLYCESOL 
(0 1 M) 

mg of organisms used 

02 

1 01 

1 02 

1 “I 

1 02 

1 01 

I 

Reduction time in minutes 

Parent (suacep- 


7 

16 

13 

21 

7 

15 

30 

tible) 


6 

14 

13 

21 

6 

14 

28 



6 


12 

19 

6 

13 

26 



5 

10 

11 

13 

4 

11 

24 

Acnfiavine re- 

1 

None 

9 

34 

83 

CO 

22 

75 


Blatant 

100 

8 

25 

43 

58 

19 

38 



200 

8 

22 1 

29 

58 

18 

33 



400 

8 

20 

18 

56 

14 

31 


Atabrme - reaist- 

None 

20 

00 

00 

CO 

CO 



ant 

100 

18 

46 

>300 

00 

67 

00 



200 

17 

40 

>300 

00 

58 

113 



400 

13 

18 

67 

75 

47 

80 


Propamidine - re- 

None 

38 

00 

43 

CO 

96 

09 


Blatant 

100 

37 

00 

40 

00 

69 

CO 



200 

36 

00 

38 

00 

60 

120 


1 

400 

24 

64 

28 

CO 

32 

44 


Optochin-reaiat- 

None 

53 

162 

oo 

00 

>240 

CO 

1 

ant 

100 

50 

93 

>240 

00 

>240 

CO 



200 

37 

80 


00 

— 

00 



400 

34 

73 

153 

>240 

167 

CO 


Sulfonamide - re- 

None 


Same as auaoeptible 


110 

Blatant 

100 







110 


200 







90 


400 







78 


The foregoing results show clearly that the drug-susceptible cells do not 
undergo any loss of activity per weight on dilution In contrast, the resistant 
cells undergo a disproportionate or a complete inactivation on twofold dilution 
The latter effect is reversible when the systems are supplemented with an excess 
of nboflavm The imphcations of these effects will be considered m the dis- 
cussion 
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Reversible inactivation of the dehydrogenase activity by various temperatures 
The data presented in table 4 show that keeping the suspensions of drug sus- 
ceptible types I and II pneumococcal cells for 2 hours at various temperatures in 
the absence of a substrate results in a measurable degree of inactivation It can 
be seen, however, that, at the most, only a twofold increase in reduction time is 
experienced by the susceptible cells kept for 2 hours at 37 C Under the same 
conditions, the atabnne-resistant type II cells expenence a sixfold loss of acti\ ity 
In contrast, type I drug-resistant cells after 2 hours’ incubation at 37 C lose f heir 
activity completely In this respect, type I atabnne-resistant cells, as v oiild be 


TABLE 4 


Effect of exposure to temperature changes on the glucose (0 001 m) dehydrogenase aclivtty of 
atabrine-susceptible and -resistant pneumococci, effect of riboflavin on decreased acltnlg 

after exposure 


OKGAKISU 
(0 2 UG) 

MBOIXAVIN 

(mS/ul) 

METHYLENE BLUE BEDUCnON nME (iflNUTTS) 

IniU&l 

4 C 

After 2 

22 C 

hours at 

17 C 

uc 

Type II 







Parent (susceptible) 

None 

5 

7 

8 

12 

•3 

Type II 







Atabnne-resistant 

None 

10 

IS 

28 

61 

GO 

Type I 

None 

7 

8 

14 

21 

CO 

Parent (susceptible) 

100 


S 

13 

19 

eo 


200 


6 

12 

14 

GO 


400 


5 

9 

11 

88 

Type I 

None 

12 

16 

52 

00 

eo 

Atabnne-resistant 

100 


13 

32 

73 

ee 


200 


9 

23 

60 

eo 


400 


8 

17 

39 

105 


expected on the basis of a greater degree of resistance (see introduction), arc 
more labile than type II atabnne-resistant cells 

Restoration of the lost activity of type I pneumococcal cells by added rtboflaiin 
The results presented m table 4 also shon that the slight inactnation that the 
drug-susceptible cells had undergone dunng incubation at 37 C can be ncarlj 
completely abolished by 400 yg of nboflavm It is remarkable, hou ci cr, that 
the drug-resistant cells which nere completely inactivated at a temperature ol 
37 C are also reactivable In the latter case, the infiniteh long reduction time 
was reduced to 73, 60, and 39 minutes with 100, 200, and 400 yg of 
respectively These results show that the inactia ating effect of the 3/ C temp r- 
ature on the resistant cells is dehnitely more pronounced It is "’Sri'fic'int that 
this inactivation is also reversible by the presence of an added excess of nbofla; in 
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Riboflavin contents of drug-susceptible and drug-resistant pneumococci For an 
understanding of the mechanism of decreased dehydrogenase activities of the 
resistant cells and the accelerative effect of added riboflavin on these impaired 
systems, it was deemed necessary to obtain quantitative data regarding the 
nhoflavin contents of these cells The cells analyzed for this purpose were pre- 
pared from cultures which were grown for 18 hours in glucose broth The cells 
were then thrown down in an angle centrifuge at 3,000 rpm The ceU sediments 
were washed once with distilled water, followed by washing with ice-cold acetone 
and ether free from fluorescent substances The cells thus prepared were free 
from salts, as was indicated by negative tests for chloride and phosphate in the 


TABLE 5 

Riboflavin content of susceptible parent and drug resistant pneumococci 


OSCAKISU 

RIBOFLAVIN (pg/o) DRY CELLS 

Type I — Mucoid parent (susceptible) 

63 69 

Mucoid atabrine resistant 

59 58 

Mucoid acriflavine resistant 

65 04 

Mucoid propamidmo-resistant 

69 60 

Mucoid sulfathiazole-resistant 

59 34 

Mucoid optochm-resistant 

42 11 

Type II — Mucoid parent (susceptible)* 

39 21 

Mucoid atabrine-resistant 

40 46 

Type III — ^Mucoid parent (susceptible)* 

83 92 

Mucoid atabnne-resistant 

57 83 


Nicotinic acid and its derivatives Type I atabrine susceptible and atabrine resistant 
cells were analyzed and found to contain, respectively, 410 3 iig and 432 1 /ig of nicotinic 
acid and its derivatives per g of cells The chemical method recommended by Perlzweig 
(1947) was used in these analyses 

* The rough organisms derived from types II and III, without exposure to any drug, were 
also analyzed and found to contain, respectively, 51 3 iig and 54 22 /ng of riboflavin per g of 
cells 

supernatants of the aqueous suspensions Samples of 250 mg of dry cells 
brought to constant weight were analyzed for riboflavin accordmg to the fluoro- 
metnc method of Arnold (1945) Analysis of yeast cells of known nboflavm 
content® indicated that washing the wet cell sediments with ice-cold acetone and 
ether does not extract riboflavin Acetone and ether extracts concentrated to 
dryness and taken up in water failed to show measurable fluorescence 

The results presented m table 5 show that, with the exception of type I 
optochm-resistant cells, the drug-susceptible and drug-resistant type I and type 
II pneumococci contam the same amount of nboflavm per gram of dry cells 
Riboflavm contents of type III atabnne-susceptible and atabiine-resistant 

* Kindly supplied by Dr E M Nelson and Dr 0 L Kline of the U S Food and Drug 
Administration, Washington, D C 
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stiams show considerable difference This could not, however be related to 

'^®!'5;^™Senase activity, since, of the three, type III resistant cells were 
least inchned to show decreased dehydrogenase activity 

^ atabnne-susceptible and 

atabrme-resistant pneumococci showed no appreciable difference in their content 
of nicotinic acid and its derivatives 


DISCUSSION 

In growth experiments, lesistance to drugs has often been assumed to be due 
to a physical change of the cell wall, such as a decreased permeability to the 
agents to which resistance was produced Similarly, decreased dehydrogenase 
activity of the resistant cells might be thought to be due to decreased permea- 
bility to substrates We have introduced a method of measuring drug resistance 
in the absence of gioivth, demonstrating that the enzymatic properties have 
undergone marked changes By the use of this method we have clearly demon- 
strated that the reduced dehydrogenase activity of the resistant cells and re- 
sistance to drugs are demonstrable also with cell-free enzyme preparations 
This finding shows that, after eliminating the permeabihty factor, we still can 
demonstrate the resistance of the enzymes to drugs as m intact cells It is also 
sho^vn that the response to added riboflavm is similar m degree with both cell- 
free enzyme preparations and intact cells On the other hand, the cell free 
enzyme preparations fi om drug-susceptible cells were still subject to inhibition 
as in intact cells It is also shown that the response to added riboflavin is 
similar in degree with both cell-free enzyme preparations and intact cells 
In vieiv of these observations, instead of an assumption of decreased penne- 
abibty of the cell wall to drugs as the cause of resistance and decreased dehydro- 
genase activity, one must assume an alteration of intracellular enzymes One 
must postulate that resistance to drugs and decreased dehydrogenase activities 
and an alteration m intracellular enzymes are phenomena which are causally 
mterrelated This view is supported by the fact that nboflavm antagomzes both 
the inhibition of growth and the inhibition of the enzyme by the drug It 
would be difficult to explain those facts by assummg that the resistant cells had 
undergone, selectively, a decrease m permeability to atabrme and no change, in 
this respect, to nboflavm, which is a structural analogue of this drug 

On the contrary, the effects resulting from dilution and temperature and the 
ehrmnation of these effects by added nboflavm suggest permeabihty of the cell 
walls of the lesistant cells at least as great as that of the susceptible cells 
The results of groivth experiments and dehydrogenase activity measurements 
with the susceptible cells show that nboflavm antagonizes the inhibitory action 
of the drugs The present report shows that the impaired dehydrogenase 
activities, and inactivations by various treatments, are reactivable wJien an 
excess amount of nboflavm is added to the systems These observations would 
seem to support the postulate (Sevag, 1946) that m the resistant cells the flavo- 
protem enzyme has undergone a specific change The question must therelorc 
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be asked concerning the nature of this alteration To denve a satisfactory 
answer to this question the following facts should be considered 

(a) The dehydrogenase activity per weight of the drug-susceptible cells is not 
impaired on twofold or more dilution of the bactenal suspension Resistant 
cells, in contrast to the susceptible ones, lose their activity more or less completely 
on dilution These inactive s 3 '’stems are reactivated on the addition of an excess 
of nboflavin 

(b) The relatively insigmficant effect of temperature, from 4 to 37 C, on the 
dehydrogenase activity of the drug-susceptible parent cells is contrasted by a 
marked loss of activity of the drug-resistant cells This loss of activity is like- 
wise reversible m the presence of added excess nboflavm 

(c) The absence of a difference m the nboflavin contents of the drug-sus- 
ceptible and drug-resistant cells leaves unexplamed the decreased dehydrogenase 
activities of the resistant cells This conclusion is based on the assumption that 
the total nboflavin content of the cells represents active coenzyme, and that a 
deficiency does not mast m this component of the flavoprotem complex The 
acceptance or rejection of this view of a deficiency m effective coenzyme must, of 
course, be based on the vahdity of this assumption 

Let us analyze the imphcations of the foregomg experimental findmgs The 
amount of nboflavm required to reactivate the impaired dehydrogenase activities 
of the resistant cells is far greater than is normally required for the mamtenance 
of normal physiological functions In the presence of added excess nboflavm, 
the resistant cells show an activity which is greater than their normal activity, 
and very often approaches that of the drug-susceptible cells Smce nboflavm, 
per se, is beheved to be mcapable of actmg as coenzyme but must first be con- 
verted to the coenzyme (alloxazme-ademne-dmucleotide or alloxazme mono- 
nucleotide), apparently a great excess of nboflavm is required for an immediately 
demonstrable activity It would also seem possible that the resistant cells may 
possess systems so altered that coenzyme union with protem moieties requires an 
excess of nboflavm m order to force the reaction favormg the formation of a 
greater amount of active enzyme and to establish an effective eqmhbnum of 
flavoprotem ;:± protem + coenzyme At any rate, the nboflavm effects are 
specific to the extent that mcotmamide and thiamme fail to produce any effect 
whatsoever 

The considerations above may be restated by the use of the f oUowmg reactions 

(1) Flavoprotem protem -f alloxazme mono- or dmucleotide 

(2) Alloxazme dmucleotide ;=i alloxazme mononucleotide -|- adenme nucleotide 

(3) Alloxazme mononucleotide nboflavm -1- HsPOi 

Whenever reaction (1) is shifted to the left (due to the combination of the specific 
protem with the coenzyme), a greater activity will be manifested This could 
best be venfied if we could test the pneumococcal extracts with the complete 
coenzjune rather than with nboflavm The activating effect of added excess 
nboflavm is to be attributed to the synthesis of additional coenzyme whereby the 
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ST etc reaction (2) to the 

The results with the resistant cells show clearly that, m contrast to the drug- 
susceptible cells, the foregoing three reactions are readily shifted under vanous 
conditions to the n^t, resulting in the additional loss of activity Evpenmental 
data which can be marshaled at present in support of this concept are (a) a dis- 
proportionate loss of dehydrogenase activity on dilution of cells, and (b) a 
similar loss of activity when cells are subjected to temperatures higher than 4 C 
and up to 37 C Increase of temperature appears to lead to dissociation of flavo- 
protem and loss of activity due to the diffusion of riboflavin resulting from the 
sphttmg of the dissociated coenzyme Both of these treatments could cause 
mcreased dissociation of the altered protein and therefore further loss of activity 
These effects are reversible by treatment with excess nboflavm, and are therefore 
not due to a denaturation of the protem moiety, unless we postulate that nbo- 
flavm is able to renaturate its specific protein partner m flavoprotein 

In view of the foregomg considerations, it would seem reasonable to assume 
that the protein moiety of the flavoprotem m the resistant cells has in some 
manner been altered, leadmg to decreased enzymatic activity The fact that 
this activity can be raised to a level comparable to that of the drug-susceptible 
systems, would mdicate that the impaired resistant systems possess inapparent 
potentiahties which can be brought out tmder imposed conditions involving the 
participation of an excess amount of nboflavm What may, however, appear to 
be difiBcult to interpret is the meffectiveness of the complete quota of nboflavm 
which was found to be present m resistant cells m an amount equal to that of the 
highly active normal drug-susceptible cells This fact may be mterpreted to 
mdicate that the link between the preformed nboflavm (or coenzyme) and the 
protem moiety of flavoprotem is m some manner impaired This defect would 
appear to be due perhaps to an alteration of the protem moiety of flavoprotem 
ansmg from the circumstances underlymg the development of resistance to a 
drug It may also be possible that the flavoprotem of the resistant cells exists 
m an equilibnum state as follows mactive unpaired protem ^ normally active 
protem 

If the protem is so altered, resultmg m decreased affimty with the coenzjune 
(higher dissociation constant), a decrease m activity would result The cxpen- 
mental data cited above would seem to support this explanation Under con- 
ditions imposed upon the system by excess nboflavm, the equilibnum apparent y 
shifts to the left, thereby mcreasmg the activity to full capacity 

Assummg from the data of nboflavm antagomsm that the drug competes witb 
the coenzyme for the flavoprotem, an alteration of flavoprotem leadmg to lowered 
combmmg power with the prosthetic group and thus to lowered activity might 
also be responsible for the reduced combmmg capacity with the drug, resulting m 
a lower susceptibihty of the organism to the drug This would seem to offer a 
reasonable explanation for the phenomenon of resistance to drugs by the pne - 


mococcal cells 

Smce the altered protem is inheritable m an 


altered state from generation 


to 
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generation of pneumococcal cells, the specific genetic factors of these cells 
responsible for the sjmthesis of the altered enzyme proteins could be assumed to 
have undergone specific changes If our assumptions are justifiable, then it is 
reasonable to behcAe that the drugs are mterfermg simultaneously ivith the 
normal functions of the oxidative enz 3 mies and of the genetic factors, or ivith the 
interdependence of the functions of the enzyme proteins and genetic factors 
resulting m the impaired enzjune activities of the drug-resistant cells A study 
of the biochemistrj’^ of the nucleoprotem components of these cells would be a 
further reasonable approach to the broader understanding of the resistance 
phenomenon 


SUMMARY AND CONCLUSIONS 

The nboflavm contents of drug-susceptible and drug-resistant cells have been 
detenmned m relation to the impaired dehydrogenase activities of drug-resistant 
cells The effects of dilution and temperature on the dehydrogenase activities 
of both the drug-susceptible and drug-resistant cells were detenmned m relation 
to the possible alteration of the enzyme proteins 

Cell-free enzjune preparations made from either cells show dehydrogenase 
activity with hexose diphosphate and ethyl alcohol Extracts from susceptible 
cells are subject to inhibition as m intact cells Extracts from the drug-resistant 
cells are resistant to drugs as m mtact cells, these extracts show unpaired de- 
hydrogenase activity as observed m mtact cells The unpaired normal activities 
of the extracts from resistant cells are reactivated on addition of excess nboflavm 
as m mtact cells These findmgs show that the drug-resistant cells have not 
undergone decreased permeabihty to drugs, substrates, and nboflavm In fact, 
the data suggest that resistant cells may manifest greater permeabihty to these 
agents 

Analj'^sis for the nboflavm contents of both the drug-susceptible and drug- 
resistant cells shows no quantitative difference The unpaired dehydrogenase 
activities of the drug-resistant cells, therefore, do not appear to be due to a 
deficiency m nboflavm 

Dehydrogenase activity per weight of the susceptible cells does not undergo 
dunmution on dilution , theu activity is mdependent of dilution In contrast, the 
resistant cells lose theu activity on twofold or more dilution, the lost activities 
are recoverable on the addition of nboflavm The effect of temperature, from 4 
to 37 C, on the susceptible cells is neghgible In contrast, the drug-resistant 
cells undergo marked or complete loss of activity under these conditions This 
activity IS recoverable on the addition of nboflavm 

The absence of a difference m the nboflavm contents of drug-susceptible and 
drug-resistant cells, the loss of activity on dilution and on exposure to temper- 
ature, and the recoverabihty of the lost activities on treatment with excess nbo- 
flavm have been mterpreted to mdicate that the flavoproteins of the drug- 
resistant ceUs are subject to greater dissociation and thereby loss of activity 
This IS attnbuted to an alteration of the protem component of the enzymes 
associated with the development of resistance The mhentabihty of these char- 
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actenstics m the absence of the drug permits the assumption that genetic factors 
have likewise undergone mutations 
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Dunng the course of a search for new chemotherapeutic agents, a bacillus 
showing antibiotic properties was obtained from soil The orgamsm was isolated 
by plating dilutions of soil m nutrient agar seeded with Escherichia coli and 
fishmg colomes which grew out surrounded by zones of inhibition This culture, 
no M-14, produces a substance' that is active agamst gram-positive and gram- 
negative bactena and against numerous fungal species It is also lytic for red 
blood cells 

The present paper is concerned with a description of the orgamsm and with 
bactenological studies conducted with the active substance The antibiotic, 
which has been named circulin, is a polypeptide and has been obtained in crystal- 
hne form The method of extraction and purification of the substance will be 
reported elsewhere (Howell, 1948) 

Descnplion of organism The M-14 culture is composed of gram-vanable, 
encapsulated, motile rods that produce oval termmal spores The vegetative 
forms occur smgly and have rounded ends On nutnent agar the orgamsm gives 
a very mucoid adherent growth in 18 hours at 37 C In nutrient broth the 
growth IS imtiated much more slowly and a mucoid peUicle is formed On 
potato slants the growth has a creamy tan color 

Acid without gas is produced from glucose, fructose, maltose, sucrose, galac- 
tose, raffinose, xylose, and dextnn Arabmose, ihamnose, mannose, lactose, 
glycerol, muhn, and salicin are not fermented The culture reduces methylene 
blue, which is reoxidized within four days The Voges-Proskauer test is nega- 
tive Gelatme, casein, and starch are hydrolyzed Nitrites are produced from 
nitrates 

Accordmg to Dr Nathan R Smith (1948), who very kindly studied our 
culture, it seems to be identical with Bacillus krzemieniewski (Smith, Gordon, 
and Claik, 1946), which has been tentatively placed in the Bacillus circulans 
complex as a mucoid variant The M-14 culture differs from Bacillus hrzemi- 
eniewski m that it is more strongly saccharolytic and in that growth is more 
shmy and occurs at 45 C 

Production of the antibiotic The active substance is formed in both stationary 
and shaken cultures at 23 C and at 37 C Growth of the culture and production 

• Since the completion of this \i ork a preliminarv report has appeared describing an anti- 
biotic produced by a nonmucoid strain of Bacillus circulans This substance differs from 
circulm in being water soluble, relatively nontoMC, and more actii e against gram negative 
than gram positive organisms (hlurraj and Tetrault, 1948) 
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of the antibiotac proceed more slowly at the lower temperature A good yeld is 
“npn?! “ containing tiyptone, protone, “phytone,” “profcolysate,” 

pepticase NZ-case, amigen,” or Difco peptone The antibiotic is formed 
also m synthetic media contammg alanme, asparagine, glutamic acid, or glycine 
Glucose, sucrose, maltose, and glycerol are equally efficient sources of carbon 
A slightly lower yield is obtamed with lactose 

The antibiotic is produced routinely m a synthetic medium consisting of 0 5 
per cent DL-alamne, 0 5 per cent monopotassium phosphate, 0 25 per cent mag- 
nesium citrate, 0 05 per cent magnesium sulfate, and 2 0 per cent glycerol m 
distilled water The medium is adjusted to pH 7 2 and dispensed in 500 ml 
amounts to a depth of 1 ml in large flasks After sterilization at 120 C for 15 
mmutes, the flasks are moculated with 2 ml each of a spore suspension, prepared 
from a one-week-old culture on nutnent agar and mcubated at 37 C No en- 
dence of growth is apparent until after 48 hours when a thin mucoid pellicle 
begms to form At the end of 10 days the entire medium is a mucoid mass in 
which httle or no sporulation of the organisms has occurred At this time the 
medium is pH 7 0 and maximum titers are obtained, usually 300 Escherichia colt 
umts and 100 hemolytic umts per ml 

Method of assay The active substance contamed m the ongmal harvest and 
m the purified fractions diffuses poorly on agar plates Potency is measured by 
assaymg senal dilutions of the antibiotic against broth cultures of the test organ- 
ism The umt of activity has been defined as the minimum amount of active 
substance that will completely inhibit the growth of Escherichia coli (VDRL 7C) 
m 1 ml of nutnent broth for 24 hours Since circuhn is more soluble m water at pH 
2 0 than at neutrahty (Howell, 1948), dilutions are made m distilled water that 
has been adjusted to pH 2 0 with normal hydrochlonc acid The samples are 
diluted 1 100, 1 300, and 1 500, and these solutions are further diluted twofold 
serially One ml of each dilution is mixed with 1 ml of a culture suspension that 
18 prepared by addmg one drop of saturated sodium hydroxide and 1 ml of an 
overnight E coli culture to 100 ml of nutnent broth The pH of the resulting 
mixtures is 7 0 Test cultures are mcubated m a water bath at 37 C and are 
read at the end of 24 hours No change m the reading occurs on longer in- 


cubation 

Circuhn is hemol3d;ic for human, rabbit, sheep, and mouse red blood cells 
The hemolytic titer of the samples is assayed by testmg against a standard 
suspension of 2 per cent washed and packed rabbit erythrocytes Dilutions of 
the antibiotic in 0 85 per cent saline adjusted to pH 2 0 with normal hydroc one 
acid are dispensed m 1-ml amounts m assay tubes One ml of 0 05 molar phos- 
phate buffer, pH 7 0, is added to each tube, foUowed by 0 5 ml of rabbit red cells 
suspended m physiological sahne Tests are read after mcubation for 1 our in 
a water bath at 37 C Maximum hemolysis usually occurs within 15 mmutes 
Activity and stability of crystaUine preparations Assays of ciystallme circuim 
mdicate that the antimicrobial activity of the ongmal culture broth has been con- 
centrated to a greater extent that the hemolytic activity One ml of the ongiM 
medium contams 300 E coli umts and 100 hemolytic units, whereas the amou 
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of crystalline material that contains 300 B colt umts possesses only 24 hemolytic 
umts Some preparations of purified circuhn have assayed 03 E coli umts and 

0 0274 hemol 3 rtic umts per nucrogram of crystalline matenal Or, to express 
this relationship in another manner, one E coh unit is eqmvalent to 3 micrograms 
and one hemolytic umt is equivalent to 36 5 micrograms 

The antibiotic is filterable through a Zeitz filter with no loss of activity 
Crj'stalhne preparations m dilute hydrochlonc acid solution may be stored for a 
penod of 2 years, or probably longer, at 4 C with no loss of activity The anti- 
biotic withstands autoclaving for 30 minutes in acid or neutral solution Auto- 
claving in alkahne solution results in a dechne in titer with a greater loss of 
activity against E coh than against red blood cells The results of a typical 
experiment are s umm arized in table 1 

Antimicrobial spectrum of circuhn The activity of crystalhne circuhn against 
a number of bactenal and fungal species expressed m micrograms per ml of test 
medium is shown in table 2 In assays with all bactenal cultures, with the 
exception of Mycobacterium tuberculosis, a 1 per cent suspension of an overmght 
culture m broth was used Tests were read after incubation for 24 hoius at 37 C 
In assays with M tuberculosis the inoculum was 0 1 ml of a 7-day culture in 
Dubos medium These tests were incubated for 1 month at 37 C Fungal 
species were tested in broth contaimng 2 per cent peptone and 4 per cent maltose 
dispensed in 50-ml amounts m small flasks, each flask being inoculated with 0 6 
ml of a suspension of the organism Tests were read after 2 weeks’ incubation 
at room temperature 

Bactericidal action of circuhn Circuhn is bactencidal m its action as well as 
bactenostatic Table 3 shows the results of a typical experiment m which 5 umts 
apparently killed an inoculum of approximately 300,000,000 E coh m 24 hours 
Dilutions were made of a punfied fraction so that 25, 10, 5, 2 5, 1 25, or 0 625 umts 
were contamed m 1 ml These dilutions were mixed with 1 ml oi E coh culture 
m broth and incubated for 24 hours at 37 C At the end of this period the tubes 
showmg no visible growth were centrifuged for 1 hour m an angle-head centnfuge 
in order to sediment the ongmal moculum of orgamsms By using aseptic 
techmque, the orgamsms m each tube were washed m 2 ml sahne, resedimented, 
and resuspended m 2 ml broth The orgamsms which had been exposed to as 
httle as 5 umts of circuhn failed to grow durmg mcubation for 1 week at 37 C 

Effect of blood serum upon activity The presence of a final concentration of 25 
per cent blood serum m the assay system has no appreciable effect upon the 
activity of circuhn agamst E coh or red blood cells The results of a typical 
experiment are shown m table 4 Twofold senal dilutions of a crystalhne prepa- 
ration were made m duphcate m distilled water or 0 05 molar phosphate buffer, 
pH 7 0 In £; coh assays, 1 ml of nutnent broth or 50 per cent serum broth con- 
tainmg approximately 10,000 orgamsms per ml was added to each tube contammg 

1 ml of the antibiotic m distilled water To tubes contaimng 1 ml of the anti- 
biotic m buffer solution, 0 5 ml of buffer or serum was added, followed by 0 5 ml 
of a 2 per cent suspension of rabbit blood cells m physiological sahne Test 
cultures were mcubated for 24 hours at 37 C 
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TABLE 1 

Bffecl of pH on heat slabthty of ctrculin 


SOLin-IOV OF 
CHYSTALS 

pH 

DILUXIOSS SHOWDiG EEWOLYTIC ACTIVITY OE COiTPLETELY INHIBITDiC CKOVmi OF t COLl 

After 24 hours at room temperature 

After 30 minutes in autoclave 

Hemolytic activitj 

M colt inhibition 

Hemolytic activity 

E colt inhibition 

1 

2 0 


■H 

1 32 





1 32 


8 0 i 

1 32 

1 512 

1 16 


9 0 

1 32 

1 512 

1 4 

1 s 


TABLE 2 

Amount of crystalline ctrculin completely inhibiting growth of test organisms 


TEST OECANISltS 


Staphylococcus aureus (FDA 209 P) 
Diplococcus pneumoniae, type 1 
Streptococcus pyogenes (C-203) 

Escherichia colt (\TDRL 76) 

Escherichia communior (ATCC /Oil) 
Eberthella typhosa (ATTC 7251) 

Salmonella paratyphi (ATTC 9150) 
Salmonella scholtmuelleri (ATTC 9149) 
Klebsiella pneumoniae, tj-pe A (ATCC 8045) 
Klebsiella pneumoniae, tj pe B (ATCC 8052) 
Salmonella typhimurium (ATCC 9148) 
Shigella dysenteriae (ATCC 8708) 
Pseudomonas aeruginosa 
Bacillus subltlis (ATCC 6633) 

Bacillus mycoides (ATCC 6462) 

Clostridium perfringens (ARIS) 

Clostridium histolyticum (AMS) 

Clostridium fallax (AMS) 

Clostridium tertium (AMS) 

Mycobacterium tuberculosis (H37Rv) 

Manilla albicans 
Trichophyton rubrum 
Epidermophyton fioccosum 
Blastomyces dermatitidis 
Sporotrichum schencf t 
Actinomyces gramims 
Histoplasma capsulalum 
Microsporum audouini 
Microsporum lanosum 


Nutnent 
Beef heart 
Beef-heart 
Nutnent 


Thioglj collate 


Dub 03 
Sabouraud’s 


sZim. 


1 6 
1 5 
1 5 
3 0 
1 5 
3 0 
3 0 
3 0 
1 5 

3 0 

4 5 
I 8 

10 5 

0 75 
3 0 
3 0 

1 5 

3 0 
7 5 

4 5 
3 0 
3 0 
1 5 
1 5 
1 5 
1 5 
1 5 
1 5 
1 5 


Tonals oj areuhtt Ciroulm E wli units and 

"W sTX: amoun/s .a. .0 ad..n.s. 
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tered subcutaneously or, m divided doses, intrapentoneally The excretion of 
the antibiotic and the chemotherapeutic action have not been determined 

Differcnitahon of arcidin from anitbiohcs mih similar action Although differ- 
ing in chemical (Howell, 1948) and other properties, circulin is somewhat similar 
in its antimicrobial spectrum to gramicidin “S,” streptothnem, and tyrocidme 
These antibiotics are toxic and are active against both gram-positive and gram- 
negative bactena (Waksman, 1947) 

Both gramicidin “S” (Manevich and Pitskhelaun, 1944) and circulin are 
hemolytic Circulin is active against M tuberculosis and fungi Gramicidin 
“S” is inactive against M tuberculosis (Fneden, 1945), and a search of the liter- 
ature revealed no statement as to the activity of this antibiotic agamst fungi 


TABLE 3 

Bactericidal action of circulin against E coti 


CracnLIN, UNITS 

INOCULUM OF E COLI 

GROWTH IN 4 HOURS 

ORGANISMS WASHED IN SALINE 
and RESUSPENDED IN BROTH 
GROWTH IN 7 DAYS 

25 

300,000,000 


— 

10 

300,000,000 

— 

- 

5 

300,000,000 

— 

— 

2 6 

! 300,000,000 

1 _ 

-1- 

1 25 

300,000,000 

- 


0 625 

300,000,000 

i 


0 

300,000,000 

1 



TABLE 4 

Effect of SB per cent blood serum upon the activity of circulin 


CRYSTALLINE CIRCULIN 

dilution hemolyzino 

RED BLOOD CELLS 

DILUTION COMPLETELY 
INHIBITING GROWTH 

OF E COLI 

No serum in assay system 

1 64 

1 1,024 

25 per cent serum in assay system 

1 64 

1 1,024 


Streptothnem may be distinguished from circuhn by its inactivity against 
Bacillus mycoides and agamst clostndial species (Waksman and Woodruff, 1942) 
Both tyrocidme (Dubos and Hotchkiss, 1942) and circuhn have strong bacte- 
ncidal properties and immediate hemolytic action Tyrocidme differs from 
circuhn m possessing no activity against M tuberculosis (Fneden, 1945, Waks- 
uian, 1947), m the loss of activity against gram-negative species in the presence 
of peptones (Dubos and Hotchkiss, 1942), and m the loss of activity agamst red 
blood cells m the presence of serum (Mann, Heilman, and Herrell, 1943) 

DISCUSSION AND SUMMARY 

A new antibiotic, circuhn, has been obtained from broth cultures of a mucoid 
Variant of Bacillus circulans This substance is active against both gram- 
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positive and gram-negative bacteria and against fungi It is bactencidaJ as ireJl 
as bactenostatic, and the activity is not appreciably reduced m the presence of 
blood serum Differences have been pointed out m the spectrum of circulm and 
that of other antibiotics wluch have similar action 
Circulm IS hemolytic and extremely toxic Although unsuitable for parenteral 
admmistration, limited tnals mdicate that it has possible value in the treatment 
of bactenal and fungal infections of the slnn 
In an effort to reduce the toxicity of circuhn, attempts have been made to 
reduce the hemolytic activity Treatment with formahn, which reduced the 
hemoljdic action of gramicidm (Lewis ei al , 1945), was unsuccessful Since 
approxunately three-fourths of the hemolytic activity of the ongmal culture 
broth IS lost durmg the purification of circuhn, it seems probable that two differ- 
ent substances are produced by the M-14 culture It is possible that the 
hemolytic activity of circuhn is caused by some of the hemol3rtic substance re- 
maining as an impunty m the crystalline antibactenal antibiotic Findings 
similar to this were reported by Waksman and Geiger (1944) in the case of ciystal- 
hne fumigacm from which ghotoxm was removed Further attempts will be 
made to reduce the toxicity of circuhn 
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MORPHOLOGIC CHARACTERISTICS OF CERTAIN CULTURED 
STRAINS OF ORAL SPIROCHETES AND TREPONEMA PALLIDUM 
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Knowledge of spnoclietal moiphology has been gained for the most pait b 3 " 
systematic studies of mateiial fiom infected hosts and m ceitam instances fiom 
pure cultures maintained in the laboratoiy on aitificial culture media In this 
regard the hanging drop preparation, the stained smeai oi section, and daik-field 
illumination of u et preparations have been used to advantage The last method 
has been more univei sally employed bj'^ the exacting investigatoi to demonstrate 
the fine stiuctural diffeiences that exist between the vaiious t 5 'pes of spirochetes 
The members of the geneia Treponema and Boricha present morphologic and 
structural featuies that have been the subject of considerable speculation and 
controversy foi many j^eais In this laboiatoiy the electron microscope has 
been used to demostrate some of these controversial stiuctuies, and the present 
paper describes certain results thus far obtained 
Eight strains of spirochetes have been used Tv o of these weie strains of the 
small oral treponemes identified as FM and MRB, four vere strains of Borreha 
vincenhi, designated as N9, N19, N37, and CON, and two were cultuied stiains 
of Treponema pallidum denoted as Nog and Ni (the Noguchi and Nichols stiains) 
The small oial treponemes were morphologically and culturallj’’ similar in all 
details and repiesentative of our collection of this type of spirochete Under 
dark-field optical illumination, they showed unifoim and closely spaced spiials 
and had long tapered ends They weie not double contouied The four stiains 
of B mncentii were morphologicallj^ and cultural^ similar to one anothei and 
were approximately one and one-half times the size of the smallei oral trepo- 
nemes By dark-field examination these spiiochetes had laige, uniform, and 
Widely spaced coils" The extremities weie abruptty tapeied and the organisms 
were not double contoured The strains of T pallidum veie cultuially similai 
to one another, the oigamsms had unifoim and closely spaced spiials and long 
tapered ends and were not double contoured In this thej”- resembled the oral 
treponemes, but were on the average about one and one-half times as long 
All spirochetes were grovm m a clear liquid medium which is a modification of 
a “hormone” agar described by Huntoon (1918) This modified broth is essen- 
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tially a veal heaifc infusion in which "thio-peptone” is substituted foi “bacto 
peptone” and agar omitted Pnor to use, the medium was filteied thiough a 
Perkefeld "N” filter to lemove paiticulate mattei At the time of use, 100 ml 
portions of the basic medium weie enriched with 10 ml of a 1 pei cent solution of 
glutathione and 10 ml of ascitic fluid Volumetiic 25-ml flasks, filled to uithm 
2 ml of the top with this finished medium, were inoculated vnth spirochetes 
The flasks were lubber-stoppered and the cultures incubated at 37 C At the 
expiiation of the desired incubation period, the cultuies were centrifuged and the 
sedimented organisms washed and recentrifuged five to seven times in distilled 
water to remove salts, soluble proteins, and paiticulate matter This treatment 
has been found necessary in oider to provide sufficiently clean pieparations for 
election micioscop}'' After the last ivashing the spirochetes were suspended in 
0 1 per cent formaldehyde in distilled water and placed m the refiigerator over- 
night 

The stock suspensions of spirochetes weie diluted to arbitrary concentrations 
and mici odi ops dned on the usual collodion-covered specimen sci eens Approxi 
mately 300 prepai ations were made fi om more than 30 separate cultures These 
were examined witli an EGA type EMU microscope after being “shadowed” by 
oblique evapoiation of 40 mg chromium from a filament placed 18 cm behind 
and 3 cm above the specimens 

The following typical election miciographs demonstrate the moiphologic cliar- 
acteiistics, fine stmctuies, and “gianules” typical of these strains of organisms 

General mojphology Figuies 1, 2, 3, and 4 are micrographs of the small oral 
treponemes, Borelha vincenlii, and the Nichols strain of Treponema pallidum 
The oial treponemes of figuies 1 and 2 represent the largei oiganisms of this 
strain, and exhibit shallow, closely spaced spirals A short form of B vincenln 
(figure 3) was selected in ordei that the entire organism might be included uithin 
a single microscopic field Its spirals are larger and deeper and its ends are 
abruptly tapered In addition, one end possesses a hook-shaped structure that 
IS often obseiwed in shadowed prepaiations but has not been observed during 
dark-field examination of living organisms Spirochetes of the Nichols strain of 
Treponema palhdum (figuie 4) are approximately as wide as the small oral trcpo 
nemes and their ends aie gradually tapered The organism in the upper pait o 
figuie 4 shows spirals with about the same amplitude as those of the small oia 
spiroch-GtiGS 

Spiiochetes m most of the prepaiations for electron microscopy appear 
straightei than the coiiespondmg living organisms seen by dark-field illumi 
nation Such changes have been obseived in stained smears of these organisms 
and they have been shovm to be a result of drjung in air and heat fixation 


(Hampp, 1945) 

Surface structure The external appearance of all types of spirochetes s 
is strikingly similar (figuies 1, 2, 3, 4) Definite cell membranes have not been 
observed, if they exist they must be tightly adheient to the organisms 
suifaces aie not smooth and their irregularities, as indicated by the sliacJou , c , 
may be an expression of unexmn distnbution of the protoplasm 
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The need for a practical method of control of Salmonella infections m colomes 
of laboratory mice has long been emphasized both by research workers and by 
commercial breeders of mice Although vanous methods have been suggested 
from tune to tune, such proposals have not resulted m any consistent long-term 
practical control of paratyphoid infection Some of the proposed procedures of 
paratjTihoid control have been tned m this laboratory Sulfa drugs m our hands 
failed to control Salmonella infections m groups of experimentally infected mice 
(Rose and Slanetz, unpublished report) Antibiotics such as pemcilhn and 
streptomj^cm so far have proved veiy limi ted m their usefulness as agents to 
ehimnate infection but appear m some instances to prevent the spread of Salmo- 
nella enlenitdts among colomes of mice (Slanetz, 1946) Salmonella iyphimunum 
apparently is more resistant to antibiotics than S entenhdis The use both of 
sulfa drugs and antibiotics is highly objectionable m any mouse colony from 
which mice are supphed for experimental purposes, smce experimental results 
may be adversely influenced by their administration 
In this laboratory, observations on the control of Salmonella infection among 
laboratory animals have been m progress for over 17 years These have been 
chiefly concerned with the rehabihty of fecal cultures compared to other methods 
used m the detection of Salmonella earners 
Buchbmder et al (1935) published observations on enzootic paratyphoid 
infection m a rat colony This work yielded a method for the control and elimi- 
nation of paratyphoid infection m laboratory colomes of rats Even though 
this method of control proved highly successful with the rat, when apphed to the 
mouse it soon became evident that a modification of the procedure would be 
necessary adequately to control and practically to ehmmate Salmonella infection 
in breeding colomes of mice havmg a high percentage of earners This labora- 
tory has been particularly fortunate m bemg mvited to do mouse typhoid control 
work m connection with the Japanese B encephahtis program durmg the last 
war and m acqumng information relative to the mcidence of Salmonella earners 
m 20 commercial mouse colomes suppl^ung animals for the project The accu- 
mulation of data on the results of tests m breedmg colomes of mice here at the 
college and m the field now warrants the statement that a practical method of 
paratyphoid control has been developed This method has been adopted as a 
routme procedure by a commercial mouse breeder as well as by this laboratory 

* Aided by funds from the Rockland Research Fund 
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methods 

Fecal cultures from the hvtng ammal A pellet of feces is collected directly from 
an individual mouse m a test tube containing 1 to 2 ml of 1 per cent peptone 
■water and a stenle swab When it is not possible to obtam a pellet of feces the 
rectum of the mouse is swabbed, the 2 ml of peptone water in the tube discarded, 
and the wet swab placed m the sterile tube preparatory to streaking on bnlliant 
green agar Comparative tests on 130 paratyphoid-positive mice indicate that 
the swab method gives as many positive cultures as the fecal pellet method 

The feces are broken up by the stenle swab mto a fine suspension and then 
streaked on bnlhant green agar plates by means of the wet swab A fairly heavy 

moculation is desmable After overnight mcubation at 37 C the plate cultures 
are exammed for the presence of Salmonella-hke colomes All suspicious growths 
and colomes are tested by shde agglutmation with a specific antiserum The 
composition of the bnlhant green agar medium is as follows 2 per cent extract 
agar pH 7 4 to 7 6, 1 0 per cent lactose, 0 1 per cent glucose, 1 per cent Andrade’s 
solution, and bnlhant green dye m a final dilution of 1 to 262,500 The dye 
dilution IS greater than that used m most bnlhant green mediums, but it was 
found that greater concentrations of bnlhant green dye, 1 100,000 and 1 150,000, 
gave negative results ■with many kno'wn positive mice The use of ennchment 
broths failed to mcrease the number of positive fecal cultures obtained in a 
specially selected group of 200 mice, 80 per cent of which were continuous 
excretors of S ententidis Vanous media for the isolation of Salmonella were 
tried but these showed no advantages over the bnlhant green agar medium 
To effect economj'' of tune and supphes some laboratones streak composite 
samples of feces from 2 to 5 mice Our work mdicates that it is necessary to 
sample each mouse mdividually, one fecal pellet per stenle tube When a 
composite sample from 2 to 5 mice is streaked, overgrowth on the incubated 
plate frequently obscures a positive culture Comparative tests on 800 mice of 
which 4 per cent were Salmonella excretors by the smgle-pellet one-tube method, 
showed that the composite sampling method yielded fewer positive cultures 
Agglutination tests The shde agglutmation tests were made with a 1 50 
dilution of combined S ententidis and S typhimurium antiserums The cultures 
agglutmated by the serum and those givmg doubtful reactions were routinely 
moculated mto Durham fermentation tubes contammg glucose, lactose, and 
sucrose Films were also made of the cultures and stamed by the method of 
Gram 

Pathogenicity tests The Salmonella cultures isolated from feces and organs 
were tested for pathogemcity m mice by mjectmg 0 1 and 0 5 ml of 24-hour 

nutnent broth culture mtrapentoneally 

Organ cuUures from dead animals Pieces of liver and spleen were placed on 
moist extract agar plates and on brilliant green agar plates When growth 
occurred, the culture was tested by the slide agglutination method and fermenta- 
tion tests If the plates showed no growth after 1 week’s mcubation, the materia 
was regarded as negative 
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RESULTS 

Selechon of suitable breeding stocL for testing The use of the feces culture 
method has enabled us to amve at a satisfactory method of Salmonella infection 
control in breeding colonies of mice and with the practical ehmination of infected 

TABLE 1 


Results of fecal cultures on samples taken routinely at weekly intervals 


DATE 

! KO or SAMPLES 

NO PAiATYPHOm-POSTTITE 

October, 1947 

638 

4 

November 

570 

5 


450 

0 


400 

0 

December 

500 

0 


580 

4 


500 

2 

January, 1948 

359 

1 


360 

4 


360 

6 

February 

490 

1 


360 

1 


360 

0 


360 

0 

March 

360 

0 


360 

1 


360 

8 


360 

0 


360 

0 

April 

360 

0 


720 

0 


720 

1 


720 

3 

May 

720 

0 


720 

1 


720 

3 


450 

2 

June 

450 

2 


450 

2 


450 

1 


450 

0 


400 

0 

July 

450 

0 


450 

0 


450 

0 

August 

450 

0 


stock Over a period of 17 years more than 120,000 mdindual tests on mice 
have been made to determme the most effective procedures Dunng the past 5 
years two procedures have been tried on a large scale with encouragmg results 
One method consisted of makmg fecal cultures on mdividual weanhng mice, 
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weighing about 12 g, to be used as breeders The level of infection under this 
^stem remained at about 2 per cent for a penod of several years Large-scale 
testmg was next done on young adult mice, females at about 20 g m weight and 
males 21 g, approximately one week before mating This procedure proved to 
be much more effective than that involving weanling mice The carrier incidence 
on one series of 16,000 young adult mice was under 0 4 per cent 
Tests on stock showing high percenUtge of earners Our results on tests of mice 
m colonies m which 10 per cent or more of the animals are Salmonella carriers 
show that the single test method must be modified Initially in such cases three 
successive tests on the same mouse within a period of 10 days are indicated 
After the initial testmg is done, monthly tests on all breeders should be performed 
until several consecutive tests are negative 
Comparative tests on weanlmgs and young adults indicate that the older 
mouse is more frequently a carrier This is m agreement with the findings of 


TABLE 2 

Comparalive results with Jecal and organ cultures in the detection 
of Salmonella infection in mice 



j DtnuNo Lmc 

POST uomu 


JV» 

% 

Nc 

% 

Total number of animals 

50 


50 


Feces positive 

50 

100 

60 

100 

Liver positive 



27 

64 

Spleen positive 



24 

48 

Agglutinins* present and feces positive 
Agglutinins* present and spleen positive 

9 

18 

8 

16 


* Serum dilution 1 40 


Buchbmder et al (1935) on paratyphoid infection m young and old rats We 
have found that some weanhng mice from mothers that are continuous excretors 
of Salmonella orgamsms often give negative fecal tests, but at the age of 3 to 4 
months many of these same mice become infected and excrete Salmonella organ- 
isms Obviously, for the practical control of infection, mice of breeding age 
should be tested just before they are placed in mating cages 
In table 1 are summanzed the findings obtained on such mice in routine weekly 
tests of a commercial mouse colony which has been under our bactenologica 
supervision for a penod of 10 years The earner incidence, 035 per cent, is 
exceptionally low No seasonal influence is evident from the results obtained by 
the feces culture method AH positive mice were retested and any lO-mowe unit 
cage havmg a positive mouse was removed from the colony and the animals were 
destroyed It is of mterest that a random sampling of 500 young adults in this 
commercial mouse colony yielded only 1 positive fecal culture A further chcc 
on the incidence of paratyphoid infection in this colony was made by cultunng 
hvers and spleens of 200 mice Negative results were obtained on these mice 
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In table 2 a sununary is g:ven on the comparative results of cultures and agglu- 
tmations on a group of mice which were excretors of Salmonella org anisms 
Eelatively few of the mice had agglutmins m a serum dilution of 1 40 and not all 
showed positive organ cultures. 


SDMMART 

A practical method for the control of Salmonella infection m breedmg colomes 
of mice has been developed in the feces culture method 
An mcidence of less than 0 4 per cent of paratyphoid earners was obtamed m 
a large commercial mouse colony by the individual-mouse single-test method 
To maintain a low incidence of Salmonella infection m a breedmg colony it is 
necessary to test young adult mice weighing approximately 20 grams pnor to 
matmg Use of weanhng mice resulted in a higher percentage of carriers 
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In a previous study of the fermentation of lactate by Clostridium lacto-aceto- 
philum (Bhat and Barker, 1947) it was shown that pure cultures of this organism 
can decompose lactate only when acetate is provided as a second substrate, 
whereas enrichment cultures of the same orgamsm do not require added acetate 
This difference m nutritional requirements mdicated a correspondmg difference 
m the catabolic processes occurring m the two types of cultures In pure cul- 
tures, lactate and acetate disappeared while butyric acid, carbon dioxide, and 
hydrogen were formed, wheieas m enrichment cultures lactate was decomposed 
with the formation of acetate in addition to the other products It is also sigmfi- 
cant that the yield of carbon dioxide was much lower m the enrichment cultures 
The reduced yield of carbon dioxide taken in conjunction with the formation of 
acetate mdicated that the orgamsms m the enrichment cultures were usmg carbon 
dioxide as an oxidant and were convertmg it to acetic acid In pure cultures the 
high yield of carbon dioxide and the requirement for acetate mdicated that the 
bactena were unable to reduce carbon dioxide in this way 
The tracer experiments described m the present paper were designed to provide 
a direct test of the conclusions derived from the above-mentioned nutntional 
and metabohc experiments 


EXPERIMENTAL RESULTS 

In the first experiment (table 1, experiment 1) lactate was fermented by an 
enrichment culture m the presence of C^Mabeled bicarbonate At the end of 
the fermentation, the isotope was found m acetate, butyrate, and the residual 
bicarbonate This proves that the bactena converted carbon dioxide to acetate ’ 
The data also indicate that this was a quantitatively important reaction m the 
fermentation The labeled butyrate was undoubtedly formed from labeled 
acetate, as is demonstrated m experiment 3 (table 1) 

In the second experiment (table 1, experiment 2) lactate was fermented by a 
pure culture of C lacto-acelophilum m the presence of labeled bicarbonate 
Only a relatively msignificant amount of the labeled carbon was found m the 

* J V B wishes to express his gratitude to the Watumull Foundation for a fellowship 
which enabled him to work on this problem Permanent address St Xaviers College, 
Bombay, India 

’ The distribution of C“ in the fatty acids was not determined, but in view of the results 
obtained with other bacteria (Barker, Karaen, and Haas, 1945) it is probable that all the 
carbon atoms were labeled 
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volatile acids This confirms the previous conclusion that pure cultures cannot 
use carbon dioxide as an oxidant 

The third experiment (table 1, experiment 3) consisted of a pure culture fer- 
mentation of lactate in the presence of labeled acetate The butyrate formed in 
toe fermentation was radioactive, showmg that it had been formed from acetate 
Furthermore, the specific activity of the acetate was greatly reduced during the 
fermentation This proves that acetate was formed from lactate even though 
there was a net disappearance of acetate From toe magnitude of the change in 
specific activity it was calculated by the method previously described (Barker, 
Kamen, and Haas, 1945) that approximately one mole (actually 0 91 mole) of 
acetate was formed per mole of lactate decomposed This is consistent with the 
view that all toe lactate undergoes an oxidative decarboxylation The slight 
radioactivity in the final bicarbonate shows that little or no oxidation of acetate 
occurred 


TABLE 1 


Carbon dwxtde and aceCaCa uCthzalton by pure and enrichment cultures of C lacto acctophilum 



EXPEROIENT 1 
ENRiarMENT CUttOXE 

PXPEftniENT 2 
POKE CtJLTOKE 

EXPrRIUENT S 

PUKE CDLTtTSE 

nw/lM ml 

cte/min/mM 

mu/lOO ml 

cts/miD/mii 

t mM/iOOjnl 

cts/zmn/mu 

Substrates 







Lactate decomposed 

8 60 


3 74 


6 77 


Acetate, initial 



6 20 


4 38 

6,100 

Bicarbonate, initial 

1 40 

10,600 

0 63 1 

10,700 



Products 





1 


Acetate, final 

3 90 

1,350 

2 62 

1 os/ 

1 76 

1,450 

Butyl ate, final 

4 29 

1,650 

3 28 


4 69 

4,250 

Bicarbonate, final 

2 62 

570 

3 97 

1,220 

6 47 

40 

Hydrogen formed 

12 5 

I 

2 48 


4 83 



The experimental results demonstrate that there is a striking difference m the 
chemical reactions occurnng m ennehment and pure cultures of C lacto-acclo- 
phtlum, toe former utilize carbon dioxide for the synthesis of acetic acid whereas 
the latter do not So far we do not know the reason for this difference The 
most obvious explanation is that the enrichment cultures contain one or more 
organisms that are able to utilize carbon dioxide As yet, however, all attempts 
to isolate bacteria from toe ennehment cultures which either alone or in com- 
bmation ivith C laclo-acelophtlum can reduce carbon dioxide and, consequently, 
ferment lactate in the absence of added acetate have been unsuccessful Bulyrt- 
lactermm reltgen can cause a fermentation of this type (Barker, ICamen, and 
Haas, 1945), but it has never been found in these cultures 

EXPERIMENTAL PROCEDURES 

The experiments were done with growing cultures In the pure culture ex- 
periments, C lacto-aceiophtlum, strain 3, was used (Bhat and Barker, 1J4 ) 
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In the enrichment culture experiment, the sterilized medium was moculated 
with garden soil All cultures were incubated at 37 C until growth ceased 
The basal medium contained the following compounds in grams per 100 ml of 
glass-distilled water sodium lactate, 10, yeast autolyzate, 0 3, sodium thio- 
glycolate, 0 05, (NH4)2S04, 0 05, K2HPO4, 0 1, MgS04 7H20, 0 01, FeS04 7H2O, 
0 002, and CaS04 2H2O, 0 001 , pH 7 0 To this medium was added synthetic 
carboxyl-labeled acetate or labeled sodium carbonate m the amounts mdicated 
in table 1 The acetate was added before autoclaving, whereas the sodium 
carbonate was added afterward as a sterile solution The fermentations were 
conducted m an all-glass vessel with an outlet for collectmg the evolved gases over 
mercury Oxygen was excluded by the use of an “oxsorbent” seal 
The fermented media were analyzed by methods previously used in this 
laboratory (Bornstem and Barker, 1948) Acetic and butyric acids were 
separated by azeotropic distillation Radioactivity measurements were made 
by the technique descnbed by Kamen (1947) 

SUMMARY 

By the use of it has been shown that the bactena m enrichment cultures 
of Closlndium lacto-acetophilum use carbon dioxide as an oxidant, converting it 
mto acetic and butyric acids In pure culture this organism is unable to reduce 
carbon dioxide, but it oxidizes lactate to acetate and carbon dioxide and then 
converts the acetate to butyrate 
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THENIJTRITIONALREQUIREISIENTS OF CLOSTRIDIUM ACETICUMi 

J L KARLSSON, B E VOLCANI,* and H A BARKER 
Division of Plant Nutrition, University of California, Berfeley, California 

Recei\ed for pubbcation August 23, 1948 

Wiermga (1936, 1939-1940) descnbed the isolation of a soil anaerobe, Clos- 
sinditm acehcum, which was able to convert hydrogen and carbon dioxide to 
acetic acid The nutntional requirements of this organism appeared to be 
complex, an extract of mud bemg an mdispensable constituent of the medium 
We have made further mvestigations of the nutntion of C acehcum, which 
have led to the identification of the essential nutnents, although some stimu- 
lating factors remam to be characterized 

EXPEKIMEOTAL RESULTS 

The experiments were done with a stram of Closlndium acehcum obtamed 
from Dr K T Wiermga, to whom the authors are greatly mdebted 

The basal medium contamed the followmg compounds m grams per 100 ml 
of glass-distiUed water K 2 HPO 4 , 0 2, (NH 4 )S 0 „ 01, MgSOi 7HsO, 0 05, 
CaSOi, 0 0015, FeS 04 THjO, 0 00025, MnS 04 4H20, 0 00005, NasMoO* 2HsO, 
0 00005, sodium thioglycolate, 0 05, and Na^COs, 1 0 The pH was adjusted 
to 7 8 With hydrochlonc acid after the medium was autoclaved Anaerobic con- 
ditions were main tained b}' the use of a potassium-carbonate-pyrogallol seal 

When 0 3 per cent Difco malt extract and 0 2 per cent Difco yeast extract 
were added to the basal medium, satisfactory growth was generally obtamed * 
The malt extract could be replaced by glucose without much reduction m growth, 
and casern hydroiyzate plus a mixture of ten growth factors of the B complex 
could be satisfactonl}^ substituted for the yeast extract By successive elimi- 
nation the required growth factors were identified as biotm, pyndoxamme, and 
pantothemc acid Pyndoxme was less potent than pyndoxamme FmaUy, 
glutamic acid was substituted for the casern hydrolysate, but this resulted m 
slower growth and reduced final yield of cells However, more satisfactoiy 
growth was obtamed on subsequent transfers m this medium 

Table 1 shows the relative growth m media of different composition as deter- 
nuned with the Evelyn colorimeter The growth factors referred to m the table 

' This work was supported in part by a research grant from the U S Pubhc 
Health Service 

* Present address Darnel Sieff Research Institute, Rehovoth, Palestine B E \ 
wishes to express his gratitude to Professor Ch Weizmann who made it possible for him to 
work on this problem 

’ The growth of the organism is sometimes erratic, particularly when small inocula are 
used At times there is a long delay before growth starts in media which on other occasions 
are entirely satisfactory This is true for both complex and simphfied media of the type 
descnbed in this paper It is therefore beheved that this erratic behavior does not affect 
the vahdity of the conclusions we have drawn from the expenments descnbed 
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were used in the following concentrations thiamine hydrochlonde, nboflavm 
and calcium pantothenate, 2 fig per ml, nicotinic acid, nicotinamide, pyndovine 
hydrochlonde, and pyndoxamine dihydrochlonde, 1 fig per ml, poro-amino- 
benzoic acid, biotin, and fohc acid, 0 01 fig per ml Cultures with yeast extract 
reached maximum growth m 4 days, with casern hydrolyzate m 7 days, and mth 
glutamic acid m 9 days 

In order to prove that we were dealmg with C acehcum throughout these 
expenments and that the results were not comphcated by the presence of a 
contammant, smgle colony isolations were made from the final glutamic acid 
medium The colomes were tested for punty and the organisms were shown to 


TABLE 1 


Growth of Clostridium acehcum in a medium containing 1 per cent glucose and other nuinenis 


VX3VnL 

( 2 — log G) too UAX rrasromr 

0 3% M E -f 0 2% Y E 

14 

0 2% Y E 

8 

0 1% C H 4- 10 vitamins 

11 

0 1% C H -f biotin -i- pyndoxamine pantothenate 

12 

0 1% C H + pyndoxamine + pantothenate 

0 

0 1% C H + biotin -f pantothenate 

0 

0 1% C H -f biotin -1- pyndoxaimne 

2 

Biotin -f pyndoxamine -4- pantothenate 

0 

0 04% glutamate biotin + pyndoxaimne 4- pantothenate 

5 


M E = Difco malt extract, y E = Difco yeast extract, C H => "Vitanun-froo” acid 


hydrolyzed casein (Nutntional Biochera Corp ) 


possess the same moiphologicaJ and growth characteristics as the onginal culture 
They also were shown to produce acetate from bicarbonate and gaseous hydrogen 
when a yeast-extract malt-extract medium was used 


sosniABr 

Clostridtum acehcum has been shown to grow m a synthetic medium contain- 
mg glucose, glutamic acid, biotm, pyndoxamme, and pantothenic acid Some 
stimulatory factors are still umdentified 
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The nutntional significance of intestinal microorganisms was indicated by 
early work (Cooper, 1914, Theiler cl al , 1915), and durmg recent years it has 
been established that all the vitamins of the B complex, as well as vitamm K, 
may be synthesized m the alimentary tract of animals as a result of the activity 
of these intestinal orgamsms (Wegner el al , 1941, Day el al , 1943, Elvehjem, 
1946) In addition, information has been obtained concemmg the effect of 
different carbohydrates on the intestinal synthesis of B vitamms (Elvehjem and 
Krehl, 1947) It is fairly well known now that irrespective of what B vitamm 
18 mvestigated its requirement is reduced when relatively msoluble carbohydrates 
like dextrin or starch are used in the diet Lactose sometunes favors the pro- 
duction of some of the B vitamins, but glucose, sucrose, or other readily assimil- 
able sugars are without any effect in this respect (Fndencia el al , 1927, Guerrant 
el al , 1934a, 5, 1935, 1937, Morgan el al , 1938, Schweigert el al , 1945, Luckey 
tl al , 1946, Sarma el al , 1946, Teply el al , 1947, Couch et al , 1948) The 
effect of different carbohydrates in encouragmg or suppressing a vitamin-syn- 
thesizmg intestmal flora is not unexpected m view of the fact that a carbohy- 
drate-rich diet stimulates an aciduric flora, whereas meat or a high protein diet 
favors a proteolytic flora and large numbers of coliform organisms 

As the cecum has been postulated to be the mam site of vitamm synthesis by 
intestinal microorganisms (Moro, 1905, Tissier, 1908, Torrey, 1919, Cannon et 
al , 1920, Porter and Rettger, 1940, Taylor et al , 1942, Schweigert et al , 1945), 
all microbiological work m the present study was done on cecal contents Of 
the various carbohydrates studied, lactose and dextrm have been foimd to have 
the most marked effect m favormg an aciduric flora (Cannon, 1920, Porter and 
Rettger, 1940) Interestmg differences m the types of different mtestmal 
organisms of animals on various carbohydrates have also been found recently 
(Johansson el al , 1947, Gall et al , 1948a, 6) 

The effects of the fat component of the diet on the mtestmal flora of animals 
have received little attention, but, as pointed out by Elvehjem and Krehl (1947), 
recent mvestigations clearly mdicate the role of fat m modifymg the requirement 
for some of the B vitamms, especially thiamme, nboflavm, macm, biotm, panto- 
thenic acid, and pyridoxme 

' Bart of a thesis submitted by the senior author in partial fulfillment of the requirements 
lor the Ph D degree 

* Published with the approval of the Director of the Wisconsin Agricultural Evpenment 
Station 
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present investigation was undertaken to determine the effects of carbo- 
hydrates and fats upon the cecal flora of the rat This work was done in an 
attempt to develop a satisfactory explanation for the different growth-promoting 
activities of diets contammg (a) different carbohydrates and fats and (b) differ- 
ent levels of fats 


EXTEHniENTAL METHODS 

All experiments were performed with a “parasite-free” strain of rats obtained 
from Sprague Dawley Company, Madison, Wisconsm, the rats were individually 
caged m the new type of coprophagy-preventmg “tube cage” first developed by 
Geyer et al (1947) This was done m an attempt to obhterate variations in the 
vitamm mtake of the animals The diet eonsisted of alcohol-extracted casein, 
20 per cent, salt mixture IV, 4 per cent, fat (butterfat or com oil), 10 per cent or 
28 per cent, and carbohydrate (sucrose, lactose, or dextnn), 66 per cent with 
low fat diet or 48 per cent with high fat diet The fat-soluble vitainins were 
mcorporated mto the fat, whereas the water-soluble vitamins were added to 
the mam batch of basal ration dunng the mixmg of casein, salt mixture, and 
carbohydrate The normal level of vitaiiim supplement per 100-g ration was 
as follows 


Thiamine 

0 20 

mg 

Riboflavin 

0 30 

rag 

Pyndoxine 

0 30 

rag 

Ca-pantothenate 

I 50 

mg 

Choline hydrochloride 

150 00 

mg 

Beta-carotene (90 per cent beta-, 10 per cent alpha-carotene) 

0 5G 

mg 

Alpha-tocopherol 

2 24 

rag 

Calciferol (crystalhne, irradiated ergosterol) 

0 014 

mg 

2-Methyl-l , 4-naphthoquinone 

0 21 

mg 


The experiments were conducted for different penods varying from 2 to C 
weeks, after which the animals were killed and analyzed 

Samples of cecal contents for analysis were obtamed by openmg the abdomen 
of the nnimfl? under aseptic conditions, removing the cecum to a stenie petn 
dish, and squeezmg out the total cecal contents with stenie, smooth forceps by fl 
"milkmg process ” In most cases a record was kept of the total cecal contents of 
the ammal After proper mixmg, 0 5 g of the cecal contents were transferred 
to a stenie 60-ml water blank containmg glass beads After vigorous aM 
thorough shakmg of this ongmal suspension (1 X lCh“)> h was further 
to lO-'* and then senalJy by steps of 100 until a dilution of 10-« was obtained 
Quantitative moculation was then made of the respective dilutions into vanous 
culture media 

An estimate of the total viable population of aerobic and anaerobic »actcna 
was made by using the BBL thioglycolate medium In a few cases, the otai 
aerobic plate count was determmed by the use of a tryptone glucose yeas ev 
tract agar medium For cultunng anaerobes, the oat jar method was ^ 

penod of 48 to 60 hours at 37 C was allowed for mcubation of the plates inocui 
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used m both aerobic and anaerobic plate counts ranged from 10~^ to 10“* m 
duplicate 

Difco EMB agar was used as the plating medium for culturmg coliform organ- 
isms, and the dilutions of inocula ranged from 10“ = to 10-^ An incubation 
period of 48 to 60 hours at 37 C was allowed for the growth of these organisms 

The “SF” medium of Hajna and Perry (1943), which utilizes 0 5 g per liter 
of NajN, as well as a selective incubation temperature of 45 C for the inhibition 
of organisms other than enterococci (and other intestmal streptococci which 
grow at 45 C), was used for enumerating this group The tube dilution count 
method was adopted in this case, five tubes were moculated per dilution and the 
counts calculated by the most probable number method 

Shake tubes of carrot liver extract medium mtroduced by Foster et al (1942) 
were used for countmg “lactics,” and the dilutions of moculum ranged from 10~® 
to 10~’ This medium was found to be selective for this group m view of the 
fact that at such high dilutions no other organisms were found to be present 
It was possible to base these counts on numbers of colomes developing m the 
tubes 


RESULTS AND DISCUSSION 

Relation of carbohydrates and fats of the diet to the cecal flora of rats Eesults 
of the analyses of the cecal flora of rats on diets contaimng one of the three 
carbohydrates, sucrose, lactose, or dextrm, and either of the fats, butterfat or 
com oil, are presented m tables 1 to 3 It is apparent from these data that a 
considerable amount of variation exists m the size and the composition of the 
microbial population of the cecum m the different groups of annuals, even when 
they are mamtamed under almost identical dietary and other environmental 
conditions In no case was it possible to obtam an exact duplication of the 
results obtamed with any group of rats on a particular diet The same extent 
of vanation is also observed m the mdmdual animals belonging to a group kept 
under the same dietary and environmental conditions, and therefore m order to 
come to any logical conclusions one must consider large numbers of animals in 
each group The results given m the tables are based m most cases on analyses 
of the cecal contents of a series of 4 to 6 rats m each group However, it has 
been observed that, even when the numbers of the organisms in the ceca of 
different animals belongmg to the same group varied to a great extent, the 
relative proportions of the different lands of orgamsms m the cecum of each 
animal were approximately the same 

The effects of the various carbohydrates on the microbial flora of the cecum is 
apparent m these results In aU cases the lactic group of organisms dominated 
the other organisms, this result seems to support the reports by most other 
workers in this field However, the ratio of this group of organisms to some 
other group like coliforms depended to a great extent on the carbohydrate of 
the diet 

In the study on the mfluence of various types of carbohydrates, much higher 
aerobic and anaerobic plate counts were found m the cecal contents of rats on 
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the lactose diet as compared to that of rats on sucrose or dextnn diets Of the 
10 groups of animals on the lactose diet, in only 4 cases did the total count of 
cecal contents fall below a billion per gram, whereas on a sucrose diet only 1 
out of the 12 groups studied yielded total counts above 1 billion per gram On 
the dextnn diet, the average total count of cecal contents of all the animals was 
much below 1 bilhon per gram Moreover, when the comparison is made on the 
basis of total number per cecum, the result is even more stribng A glance at 
the column givmg the weights of the total cecal contents reveals that the lactose- 
fed animals had more total cecal contents on the average, two to three times 
more cecal contents were found m lactose-fed animals than m those fed a sucrose 


TABLE 1 

Cecal flora of rals on diets containing sucrose as the dietary carbohydrate 
(Counts indicate number of organisms per gram of fresh cecal contents) 


itiiE or 

1 

1 

IN 


AVO WT. 





rXPEM 1 
MEKT 1 

vitauinI 

CREASE 
IN WT 

NO OP 
EATS 

OP THE 

1 CECOil 

AEROBIC PLATE COUNT 

ANAEROBIC PLATE 
COUNT ' 

COLIPOSIIS 

LACIJCS 

(weeks) 

LEVEL* j 

(C) 

1 

(0) 


1 

1 


Group I Fat — Butterfat 


2 

A 

41 

5 

M 

215,000,000 

iRBig 

220,000 

199,800,000 

4 

A 

84 

5 

n 

60,000,000 

248,600,000 

222,000 

95,700,800 

6 

A 

122 

6 

1 095 

194,000,000 


628,000 

181,800,000 

6 

A 

119 

5 

— 

I07,340,000t 

— 

690,000 

130,000,000 

6 

B 

150 

5 

— 

6,146,000,000t 

— 

1,040,000 

268,000,000 

9 

A 

168 

5 

— 

75,875,000 


391,000 

170,250,000 

Group II Fat — Com oil 

2 

A 

452 

5 

99 

260,700,000 

473,800,000 

1,030,000 

183,200,000 

4 

A 

709 

5 

w sS 

161,125,000 

335,000,000 

164,250 

229,500,000 

6 

A 

106 

4 

iw ifil 

342,750,000 

456,250,000 

383,000 

1,173,000,000 

6 

A 


5 

— 

92,730,000t 

— 

496,000 

152,500,000 

6 

B 

128 

5 

— 

93,100,000t 

— 

1,672,000 

245,800 000 

9 

A 

149 

4 

— 

157,000,000 

224,250.000 

570,000 

432,000,000 


vitamin level A nuriiiai, vituu-uii levvj ^ — 

t Tryptone glucose yeast e\tract agar medium was used for counting 

or dextnn diet Thus the total numbers of organisms per cecum was higher m 
rats fed lactose than m those fed sucrose or dextnn 

There was also a significant difference in the aerobic to anaerobic plate coun 
ratio in the flora caused by feeding the three carbohydrates It was nearly II 
on a dextnn diet, less than 1 2 on the sucrose diet, and less than 1 4 on the 

lactose diets i. t, „ ihn 

Not only did the total aerobic and anaerobic plate counts run high on the 

cecal contents of rats on a lactose diet, the numbers of coWorms 
were also very high The effect of lactose m inducing a high ^odunc flora 
known from very early tunes, but its effect m mamtaming a high f f 

has not been reported by most of the early workers The chief effect of a la - 
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TABLE 2 


Cecal flora of rale on diets containing lactose as the dietary carbohydrate 


(Counts indicate number of organisms per gram of fresh cecal contents) 



'o 









AVO 





s 

8 


vrr OP 

THE 

CEcnii 

AEaOBIC PLATE 
COUNT 

AKAESOBIC PLATE 
COUNT 

C0LJP0EU5 


i 

o 

(0) 





3 

o 

X 






Group I Fat — Svilerfat 


4 

A 

21 

5 

3 37 



iH* Aim 1 

KWtVE mi AV A 1 

6 

A 


S 

3 88 




SHlii Ml niii!i ( 

6 

A 

86 

5 

— 

1,680, 000, OOOt 


B wGSua' 

llws Mt IlHlllS 1 

6 

A + 

TOM 

5 

— 


— 


ilEllffi iWmiiUA I 


biotin + 









folic acid 








6 

B 

98 

5 



— 








Group II 

Fat — Com oil 



4 

A 

14 

5 

3 07 

5,910,000,000 

11,510,000,000 

1,800,000,000 

22,380,000,000 

6 

A 

Bn 

5 

3 27 

2,418,000,000 

10,870,000,000 

130,650,000 

12,340,000,000 

6 

A 

80 

5 

— 

358,900,000t 

— 

85,670,000 

1,026,000,000 

6 

A + 

81 

4 

— 

1,588 000,000 

— 

367,000,000 

2,830,000,000 


biotin + 









folic acid 








6 

B 

82 

4 

— 

123,000,000t 

— 

4,272,000 

1,822,000,000 


* Vitamin level A is normal , vitamm level B is approximately twice normal 
t Tryptone glucose yeast extract agar medium was used for counting 


TABLE 3 

Cecal flora of rats on diets containing dextrin as the dietary carbohydrate 


(Counts indicate numbers of orgamsms per gram of fresh cecal contents) 


TDIE OP 
EXFELI 
MENT 
WEEKS) 

VITAMIN 

LEVEL* 

rprACT; 

IN WT 
(G) 

NO OP 
EATS 

AVO 
WT OP 
THE CE 
COM (0) 

AZKOBIC PLATE 
Count 

ANAEEOBIC PLATE 
COUNT 

COLZPOSMS 

LAcncs 

Group I Fat — Butlerfat 

2 

n 

44 

4 

0 865 

233,000,000 

274,000,000 



4 

B 

89 

3 

1 32 

175,600,000 

117,000,000 



6 

m 

133 

5 

2 00 

557,500,000 

588,400,000 


650,000,000 


Group II Fat — Com oil 


2 

n 

43 

4 


215,250,000 

222,700,000 



4 

D 

86 

4 

■Wil 

183,400,000 

195,000,000 



6 

B 

132 

4 

Bl 

177,000,000 

182,500,000 




Vitamin level A is normal 
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diet, and m general of a diet containing any carbohydrate, has been reported to 
be a suppression of the proteolytic organisms, including some colifonns but m 
view of the fact that the latter are lactose fermenters, there is no reason nhv 
they should be suppressed Kendall (1911-1912) and Cruikshank (1928), as a 
result of their in vitro experiments, suggested long ago that feeding a large amount 
of a lactose diet might first lead to an abundant growth of Eschencha colt, 
Clostridium perfnngens, and other carbohydrate fermenters, and that the acid 
developed might offer a suitable medium for the growth of lactobacilli How- 
ever, this theoiy was strongly opposed by Bettger and Cheplin, who obsencd 
almost complete elimination of B colt and C perfnngens under these conditions 
Dextrin also seems to encourage a large cohform flora, though its effect appears 
to be much less than that of lactose The mfluence of dextrm in maintaining a 
high cohform count m chicks has also been reported by Evenson (1947) and by 
Johansson, Shapiro, and Sarles (1947) In contrast to the reports by many 
workers, the effect of dextrm m mamtammg a high aciduric flora could not be 
demonstrated 


The counts of all ty^es of organisms studied were very low m the ceca of 
animals fed sucrose compared to those of animals fed on the other two carbo 
hydrates 

When a companson is made on the basis of organisms present per gram of the 
cecal contents, no significant difference m the numbers of different kinds of 
bacteria appears to be present when the groups of animals receiving either 
butterfat or com oil are compared, except for the fact that the enterococcus 
group was somewhat lower m animals on the butterfat diet The values of the 
numbers of these orgamsms are not included in the tables as not enough expen 
ments were performed to warrant defimte conclusions It was, however, ob- 
served that butterfat-fed rats, m almost all cases, had heavier ceca, and hence 
when a companson is made on the basis of the number of organisms present 
per cecum, the butterfat groups had higher numbers of each kmd of cecal or- 
ganisms than those of the com oil groups 

In view of the somewhat higher amounts of oleic acid m com oil, which has 
been reported to have a growth-stunulatmg effect on Lactobacillus casei (Williams 
and Fieger, 1946), one might expect a higher number of lactic orgamsms m the 
cecal flora of rats receivmg com oil No such effect was observed in any of the 
groups on com oil with dextrm or lactose as the dietary carbohydrate, but on 
the sucrose diet there seemed to be slightly higher numbers of lactic organisms 
m com-oil-fed animals It is probable that on dextrin and lactose diets the 
effect of the oleic acid of com oil, if there is any, is masked by the much stronger 
influence of the carbohydrates themselves Reports by Evenson (1947) that 
the cohforms are suppressed by high butterfat diets could not be confirmed in 


the present study - 

A tentative explanation of the difference in growth-promoting values of tn 
three carbohydrates can be offered by considering the different tyvos ^rgim- 
isms encouraged by them However, it should be mentioned t^nt the ba 
idea of such an interpretation lies m the correlation of the physiological behavior 
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of the different carbohydrates and fats (as measured by the growth of the animal) 
with the changes m numbers of the most important groups of organisms, some 
of which are considered to be vitamm synthesizers, whereas certam others are 
utilizers of the vitamms available to the animal From the standpomt of 
vitamm economy of the animal host, the three most important groups of m- 
testmal bacteria are the coliforms, anaerobes, and lactics Many mvestigators 
are of the opinion that intestinal synthesis of the vitamms is earned on by the 
coliform organisms to the greatest extent, and so this group deserves to receive 
the most caieful attention from the nutritiomst’s pomt of view Anaerobic 
bacteria have been reported by Benesch (1945) to utihze some of the vitamms 
already synthesized by the coliforms, hence this group as well as the lactic group 
of organisms, which require almost all the known growth factors for then- 
growth and multiplication, may be regarded as agents harmful to the anunal 
host Though Metchmkoff has descnbed the lactobaciUus group of bactena as 
the promoter of mtestmal hygiene, Mitchell (1927) has expressed the contrary 
opmion, m view of the findin g that the rate of growth of rats on different carbo- 
hydrates varied mversely with the percentage of the aciduric group of bacteria 
m the cecum She concluded that an aciduric type of mtestmal flora m itself 
does not ensure a good general condition of the animal over a long period of 
tune if a high percentage of lactose or other slowly absorbed carbohydrate has 
been used to support the acidunc flora If the acidunc flora can be supported 
by smaller amoimts of lactose, the growth of the animal might then remain 
normal 

It IS not out of place to pomt out here that the mam defect in the approach 
to the problem employed in our work lies m the fact that, through such a study, 
no information can be obtamed on which -vitamms are actually synthesized and 
m what quantities In addition, it is not possible to determme the kmds or 
quantities of vitamms liberated m the cecum or finally absorbed by the host 
anunal It is also definite that all the different organisms of the coliform group 
are not equally efficient -vitamm synthesizers Furthermore, it is not fair to 
assume that all the lactics and anaerobes are hannful agents that utilize or 
destroy the -vitamms synthesized by the cohforms It is also possible that there 
might be other, umdentified bactena which, though present m smaller numbers, 
might exert a strong influence on the nutation of the animal Thus a complete 
picture of what is going on m the mtestmal tract of the anunal can only be 
secured when the information obtamed by a quantitative study of the different 
organisms is supplemented by cultural studies of the predommant orgamsms 
belonging to each group, followed by testmg of their -vitamm-synthesizmg 
capacities 

The nearly identical influence of the dietary fa-ts, butterfat and com oil, on 
the growth of young rats on a sucrose diet was reflected m the composition of 
then cecal floras, which were found to be practically identical On a de-xtrm 
diet, too, there was hardly any difference m the cecal flora when the dietary fat 
consisted of either butterfat or com oil Whether the shghtly higher numbers of 
anaerobic orgamsms found m the ceca of lactose-com-oil-fed animals are respon- 
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sible for the infenoraty of this diet as compared to that containing butterfat, 
or whether some biochemical abnormalities associated with a lactose diet are 
counteracted to a greater extent by butterfat than by corn oil, can only be 
settled through future research 

Effects of the level of fat of a swrose-contaimng diet on some of the cecal micro- 
organisms Comparatively few kmds of bactena have the ability to split fat, 
and probably small numbers of those normally present in the intestinal tract 
possess this property Therefore the addition of more fat to the diet is not 
expected to induce increases in numbers of mtestinal bacteria, but on the con- 
trarj’’ tends to suppress some of those already present That this is what happens 
to the microorgamsms of the cecum upon the addition of more fat in a sucrose 
diet IS cleaily seen from the results in table 4, which mdicate that there is a 
decrease in the total numbers of organisms when the fat mtake of the animal is 


TABLE 4 

Cecal flora of rats on sucrose diets containing different levels of corn oil 
(All counts represent numbers per gram of fresh cecal contents) 
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increased The anaerobic plate count is also decreased in the same order In 
view of the fact that analysis was made of only a few groups of organisms like 
cohforms and lactics, the results do not show conclusively which types of organ- 
isms were most affected However, there is defimte indication that the nmbem 
of coliform organisms are decreased to a considerable extent by increased cve s 
of fat m the diet There is veiy httle change in the numbers of the lactic ^oup 
of orgamsms with increases in fat The shght decrease observed is pro a y 

not statistically sigmficant , , 

The results of this experiment confirm the report by Torrey (1919), who n orhca 
on dogs and observed that the numbers of E coh were frequently reduced, tna 
the streptococcus group was markedly reduced, but that the Ladabaci n 
acidophilus type was the least affected and often mcreased m relative niOT j 
when the animals were fed a high fat diet However, according to i J c 
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and Isbell (1942), contrary results were obtained m 1931 by Forti, who observed a 
decrease in the acidunc flora with an increase of fat in the diet 
Analysis of the group of rats on the 28 per cent com oil sucrose diet supple- 
mented vnth “reticulogen” (Lilly liver extract) at the rate of 0 1 unit per day, 
showed a significant increase in the aerobic plate count and in numbers of the 
cohfonn group of organisms, but not of lactics It should be mentioned here 
that we gave a supplement of “reticulogen” to this group of rats m an attempt 
to remove the dietary imbalance, if there was any, resulting from the effects of 
high amounts of fat We actually observed an mcrease in growth of the rats 
of this group by 33 grams over that of the control group receiving no supple- 
ment of “reticulogen ” This strongly supports the view that dimini shed growth 
on a high corn oil diet is due to inhibition of the intestmal synthesis brought 
about by microorganisms, and that the action of “reticulogen” might be due to a 
stimulation of mtestmal synthesis 


SUMIUAET 

For ammals on a lactose diet the total aerobic and anaerobic plate counts, as 
well as the numbers of cohforms and lactics, were much higher than the cor- 
respondmg counts or numbers of the same organisms m the cecal contents of 
animals on diets conta inin g either dextnn or sucrose 
Compared to sucrose, dextnn was found to favor higher numbers of cohfonns 
m the cecum 

The ratio of the aerobic to the anaerobic plate count was highest on a dextnn 
diet and lowest on a lactose diet 

The aerobic and the anaerobic plate counts, as well as the numbers of coh- 
forms, were found to be decreased in the ceca of most of the rats fed sucrose 
diets containmg a high level of corn oil 

Supplementation of a high com oil sucrose diet with “reticulogen” tends to 
counteract the inhibitory action of com oil upon the growth of certam cecal 
microorgamsms 
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The bactenum-bactenophage system offers many advantages for the study 
of the general pnnciples of the host-virus relationship The availabihty of 
precise quantitative methods for analyzmg phage growth makes this system 
suitable for the study of the nature of the inhibition of virus growth by drugs 

A majonty of the compounds with suppressive activity on phage multipli- 
cation have likeivise shoim suppressive effects on bactenal multiphcation 
(Delbruck and Luna, 1943 , Spizizen, 1943, Bailey, 1943, Jones and Schatz, 1946, 
Cohen and Anderson, 1946, Cohen and Fowler, 1947) In these cases the in- 
hibition appeared to be indirect through inhibition of the metabohsm of the host, 
and possibly aspecific Recently a reverse phenomenon has been reported, 
namely, increased 3 aelds of phage occurring at bacteriostatic concentrations of 
pemcilhn (Pnce, 1947) Temperatures above optimum for the growth of the 
host inhibit phage growth with some degree of specificity (Luna, 1943) What 
appears to be a specific inhi bitory effect of a number of acndmes and an anti- 
acndme action of nbose nucleic acid has been reported by Fitzgerald and col- 
laborators (1946) The present paper is concerned with the results of further 
studies on the action of the acndine compound proflavine and with their mter- 
pretation m relation to the problem of phage multiphcation 

JtA.TERIAi AND METHODS 

The bactenophages studied were members of the “T” senes whose common 
host IS Escherichia coli, stram B (Delbruck, 1946) Plaque counts by the agar 
layer method with nutnent agar were used to deteimme phage activity The 
“one-step growth experiment,” descnbed m detail by Delbruck and Luna (1942), 
was the basic technique adopted In this type of experiment, known numbers 
of phage particles are mixed with an excess of sensitive bactena, so that most 
bactena adsorb a smgle particle After a few minutes the mixture is highly di- 
luted to stop further adsorption The plaque count at this tune, before lysis 
begms, compnses two sources of “infective centers” the infected bactena and 
the free, unadsorbed phage By determining the number of plaques obtained 
by plating the supernatant of a centrifuged sample, the number of free particles 
can be determmed and the number of infected bactena estimated by difference 

’ This work was done under an American Cancer Society Grant recommended by the 
Committee on Growth of the National Research Council The author Hashes to thank Dr 
S E Luna for his untiring advice and stimulating cnticism dunng the course of this h orL 
and for his help in the preparation of the manuscnpt 

’ Present address Department of Biology, Pnnceton University, Pnnceton, New J ersey 
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pie final plaque count, after lysis of all infected ceUs, is a measure of the total 
Sulated^^^^ average phage yield per infected bacterium can bo 

To determine the actual yields of phage from individual cells, the "single burst 
experunenV’ (Burnet, 1929, Delbruck. 1945) was used Before lysis begins, the 
^cted bacteria are highly diluted and distributed to a large number of small 
rabes, so that each tube receives on the average less than one infected bacterium 
By platmg the entire contents of each tube after lysis has taken place, the pha-^e 
yield from mdividual bursts is obtained 
To study macroscopic lysis, a “multiplicity of infection” of about four particles 
per bactenum was found suitable The “r” mutants of the T-even phages were 
employed to avoid “lysis inhibition” (Doermann, 1948) 

The medium used was M-9^, in which the generation time of E coh B is approxi- 
mately 45 minutes, and the latent periods for lysis by T2, T4, T6, and T7 are 21, 
28, 30, and 15 minutes, respectively In experiments with T4 and TO, 20 /ig per 
ml of L-tiyptophan were added to permit phage adsorption (Anderson, 1945) 

The proflavme (di-amino-acndimum sulfate, Abbott Laboratories) was dis 
solved m distilled water and adjusted to pH 7 with sodium hydroxide 


RESULTS 


Achon of 'proflavine on free phage and on bacterial growth Exposure of free 
phage to proflavine m concentrations sufficient to inhibit phage growth (1 0 mg 
per 100 ml for T2, 0 35 mg per 100 ml for T6, see below) produced a negligible 
loss of free phage activity in 60 minutes at 37 C 
Plate counts taken at intervals after the addition of proflavine to groinng cul- 
tures of E coh B, similar to those used in one-step growth experiments, showed 
that m those concentrations m which growth inhibition was present the inhibition 
was evident 1 hour after the addition of the drug Complete inhibition of repro 
duction was produced by a concentration of 0 5 mg per 100 ml (table 1) 

Concentration of proflavine preventing production of active bacteriophage The 
addition of proflavine to a bacterial culture 2 mmutes before the addition of 
bactenophage either reduces the average yield of phage or suppresses all phage 
production, dependmg on the concentration The amount of proflavine that, in 
a one-step growth expenment, completely suppresses the ability of infected bac 
teria to produce active phage will be called the “completely inhibitory concen 


tration” (C I concentration) 

The data assembled in table 1 show the C I concentrations for T2, 14, lo, 
and T7 to be 0 35, 0 1, 0 05, and 0 75 mg per 100 ml, respectively Thus, the 
least sensitive phage is T7, the most sensitive, T6, T4 and T2 have intcrmc 
sensitivities Growth of T7 is prevented only by concentrations of 
that are completely inhibitory for bactenal multiplication, whereas 10 ana 


* Formula for M 9 Medium Solution A — KHiPO* 3 g, MgSOi 0 2 g, NaCl 0 j g, M < 

1 g, anhydrous Na,HPO, 6 g, dissolved in 900 ml of distilled ater in tlie J 

lution B—i g of glucose dissolved in 100 ml of distilled n ater Solutions A and I are s 
Lzersfparatelj and mixed in a ratio of 9 I as needed The pll of the final solution is - 0 
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T4 are completely suppressed at concentrations that allow uninhibited multi- 
plication of the host 

To estimate the sensitivity of other phage types we used a screemng test con- 
sisting of plating on nutnent agar m which mcreasmg concentrations of proflavme 
were incorporated In this way gross differences m the effectiveness of proflavme 
can he demonstrated T1 and T3 appear to be similar to T7, T5 appears mter- 
mediate between T4 and T2 

Each phage type is adsorbed by sensitive bactena at the same rate m the pres- 
ence as m the absence of proflavme T2, T4, and T6, the related large phage 

TABLE 1 

Growth-limiting concentrations of proflavine 

The data for various phages represent the a\ erage yield per bacterium in one-step growth 
experiments, measured at the time of maximum yield The data for E coli B are percent- 
age ratios between viable counts in the presence of proflavine and viable counts in its ab- 
sence, the conditions of the measurements being identical with those in the corresponding 
one step growth experiments 
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types, are all more sensitive to proflavme than the small phages Tl, T3, and T7 
and differ m absolute sensitivity among themselves The “r” mutants have the 
same sensitivities as the correspondmg wild types 
It should be noted m table 1 that, as the proflavme concentration is reduced 
the average phage yield per bacterium gradually mcreases Analysis of mdivid- 
ual ceU yields of T2 m the presence of 0 25 mg per 100 ml proflavme a not com- 
pletely inhibitoiy concentration — showed that the loss m phage yield could be 
accounted for by a reduction of the mdividual ynelds 
Analysis of the action of completely inhibitory concentrations of proflavine 
Thage growth, as studied m the one-step growth experiments, can be divided mto 
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a latent period of mtraceUuIar reproduction, a “nse period" corresponding to 
phage liberation, and a ‘ stationary penod,” after liberation is compiLd ^ 

Xt the C I concentration of proflavine is added to the groivth tube 2 minutes 
before the adition of phage and the infective centers are assayed at intervals a 
progressive fall in the plaque count is found, indicating an actual loss of the ad- 
sorbed phage A number of experiments of this land were done Table 2 shows 
the results of representative expenments in which the plaque counts at various 
times were detenmned Data on the yield in the absence of proflavine are pre- 
sented in the same table It should be remembered that plating for plaque 
count results m dilutmg the proflavine well below inhibitoiy concentrations 
The data in table 2 show three charactenstics of proflavme action first, there 
13 no loss of infective centers durmg the latent period, second, there is a progres- 
sive loss of infective centers durmg the nse penod, and third, at the stationary 
penod the plaque count reaches approximately the value of the unadsorbed 
phage, indicating loss of all adsorbed phage Moreover, as seen clearly in figure 
1, in which the results from several expenments are summanzed, the loss of in- 
fective centers in the presence of proflavme closely parallels the rise in titer in the 
control without proflavme This indicates a parallelism between liberation of 
phage by lysis m the absence of proflavme and loss of ability to produce active 
phage m the presence of the drug 

These expenments suggested that m the presence of the C I concentration of 
proflavine the cells may lyse at the same time as they would m the absence of the 
drug, but release no active phage This would explam the loss of mfective cen- 
ters and the presence of the unadsorbed phage alone at the end of the rise period * 


According to this interpretation, the presence of proflavme should allow lysis 
to occur aftei a normal latent penod We tested this point by macroscopic ob- 
servation of lysis Parallel cultures with and without proflavme were inoculated 
with enough phage to give multiple infection (about 4 particles per bacterium) 
Clearmg occurred at the same time in both cultures Proflavine neither prevents 


lysis of the host nor causes delay m lysis 
Another type of experiment gave further support to the hypothesis Bacteria 
were infected ivith phage in the presence of the C I concentration of proflavme, 
as m the expenments of table 2 Then, at vanous mtervals, samples iv ere Jiigbly 
diluted with medium containing no proflavme The concentration of proflavme 
was thus reduced below the inhibitory level All samples were incubated and 
plated at a tune when the yield m the control tube had reached the stationary 
penod If the conclusion previously reached is correct, we may expect a fuH 
yield if proflavme is removed dunng the latent penod With dilution after tho 
lysis of cells has begun, the yield should vaiy mversely with the time of dilution, 
smee as the time before dilution is extended, more and more cells mil have iy=ca 


« Phage T6 shows the pecuhanty that the rate of loss of adsorbed phage 
of proflavme is more rapid than the rate of increase in phage titer that 

laUer value, however, can only be considered as an estimate of the number 
have lysed by assuming that the average yield per bactenum is the same for bactena Ij 
early or late, which is by no means certain 
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TABLE 2 


Aciton of completely inhibitory concentrations of proflavine 
Proflavine in C I concentration was added to bacteria 2 minutes before adding pbage 
After 7 to 10 minutes phage adsorption was interrupted by a dilution of 1 2,000 in proflavine 
medium containing the C I concentration Platings were made at intervals The data in 
columns 2 and 4 vere obtained in parallel evpenments for T6 and T7 For T2, they were 
from different e\periments The control value represents the phage input in the absence 
of proflavine 


TUn: ATTEi IN 

NO PROFLAVINE 

C I CONCENTRATION OP P20PLAVINE 

TECTION, iONUTES 

Plaque count at time 
indicated 

% rise completed 

Plaque count at time 
indicated 

% loss adsorbed 
pbage 


T2 (latent period 21 rmnutes, C I concentration 0 35 mg/100 ml) 


8 

7 8 X 10« 

0 

2 7 X 10* 

0 

14 

7 G X 10' 

0 



21 

9 9 X 10' 

0 65 

2 9 X 10' 

0 

24 

1 3 X 10^ 

1 3 



27 

1 2 X 10' 

28 



30 

2 8 X 10' 

68 

1 1 X 10' 

71 

40 

3 8 X 10' 

93 

8 1 X 10' 

85 

50 

4 0 X 10' 

100 

3 4 X 10' 

100 

Free 



5 0 X 10' 

1 

Control 


1 

2 9 X 10' 



T6 (latent period 30 minutes, C I concentration 0 05 mg/100 ml) 


12 

6 04 X 10' 

0 

6 74 X 10' 

0 

25 

5 52 X 10' 

0 

7 16 X 10' 

0 

30 

6 4 X 10' 

0 

6 36 X 10' 

0 

33 

8 0 X 10' 

0 2 

5 82 X 10' 

15 

35 

1 6 X 10’ 

1 

4 44 X 10' 

39 

37 



3 5 X 10' 

55 

39 

6 2 X 10’ 

6 

2 36 X 10' 

75 

41 

2 1 X 10' 

22 

1 92 X 10' 

82 

43 

3 1 X 10' 

33 

1 66 X 10’ 

86 

45 

3 8X 10' 

40 

1 6 X 10’ 

87 

47 

4 9 X 10' 

52 

1 22 X 10’ 

94 

49 

5 6 X 10’ 

60 

1 OS X 10’ 

96 

65 



9 6 X 10’ 

98 

60 

7 7 X 10’ 

83 



65 

8 1 X 10' 

86 

8 0 X 10' 

100 

75 

9 3 X 10’ 

100 

6 2 X 10' 


90 

9 2 X 10’ 


5 0 X 10' 


Free 



8 6 X 10' 



T7 (latent period 15 minutes, C I concentration 0 75 mg/100 ml) 


9 

: 5 

6 

X 

10' 

18 

1 

4 

X 

10’ 

23 

4 

0 

X 

10’ 

30 

6 

9 

X 

10’ 

40 

7 

3 

X 

10’ 

50 

7 

2 

X 

10’ 

Free 






0 

4 

4 

X 

10' 

12 

4 

3 

X 

10’ 

47 

3 

5 

X 

10' 

87 

3 

2 

X 

10' 

100 

2 

8 

X 

10' 


3 

0 

X 

10' 


2 

9 

X 

10' 


0 

7 

60 

80 

100 
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T 2 Representative expenments presented m tabl. R 

^ow that the anticipated results were obtained With T2, the yield is reduced 

reduction in yield is 34 per cent at 39 minutes and 79 
per cent at 55 nmutes This emphasizes the correlation of the longer latent 
pen^d for T6 with the longer time required before phage is lost m the presence of 



J 10 IS 20 25 JO JS 20 25 50 55 50 65 TO 75 
TIME BETWEEN INFECTION AND PLAT! NO FOR PLAQUE COUNT 


MINUTES 

Figure 1 Correlation between loss of infective centers in the presence of the C I cm 
centration of proflavine and Lberation of phage in its absence Results for phages T2, 
T6, and T7 are presented Note that the first loss of infective centers occurs at the end^ 
the latent penod, and that complete loss is observed at the end of the normal nsc penod 
for each phage type 

We may then conclude that, m the presence of the C I concentration of pro 
flavine, the phage mside the infected cells is not lost until a time shortly before 
or correspondmg to the time of — the lysis of the host Until this time phage can 
be hberated if proflavine is removed L>sis in the presence of proflavine docs 
not produce active phage, and even the ongmal infectmg particle is lost 

It was possible that bactena lysed m the presence of proflavine, al though relcas- 
mg no active phage, might liberate particles that could be adsorbed by host cells 
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but that failed to multiply Smce adsorption of phage is generally followed by 
death of the host cell, we attempted to detect host-kilhng activity m proflavme 
lysates Parallel bactenal cultures — one with and the other without proflavine 
— ^were inoculated with phage, mcubated for 2 hours, and filtered They were 
tested, immediately and after storage, for plaque production and bactencidal 

TABLE 3 

Phage Uberalton after removal of completely tnhvbtlory concentrations of proflavine by dilution 
The technique is the same as described in table 2 with additional dilutions to remove 
proflavine Those dilutions n ere 1 20 forT2andT7and 1 SOforTO The final titers were 
determined at the times indicated in the table The control values represent the 3ueld in 
the absence of proflavine in a parallel growth tube The lower control value for T7 is 
characteristic 


TDft or l!£UO% AI. noil 
raorLAVtNZ (UIOTTES 1 
ATTM isrrcnoN) 

riNAL TITER rOLLOWD»C 
DILTOOV AT TtStE mDICATED 

YizLD Arm Davnos or i 

rZHCENTACE OT UAXOimr 1 
YIELD 

Tno! OT ASSAY (lOJnJTrfi 
AjfTER mrEcnox) 

T2 (latent period 21 minutes) 

10 i 

1 4 X 10' 

100 

57 

20 

1 4 X 10' ! 

100 

59 

30 

5 4 X 10- 

39 

65 

40 

5 2 X 10' 

4 

75 

50 

1 2 X 10' 

0 9 

85 

Free 

4 0 X 10' 



Control 

I 1 7 X 10' 

t 

55 


T6 (latent period 30 minutes) 


10 

3 2 X 10> 

100 

67 

20 

3 3 X 10' 

100 

69 

30 

3 0 X 10' 

94 

71 

39 

2 1 X 10' 

66 

75 

55 

6 6 X 10' 

21 

85 

65 

2 6 X 10' 

8 

95 

Free 

1 4 X 10' 



Control 

5 1 X 10' 


65 

T7 (latent period 15 minutes) 

11 

1 5 X 10' 

100 

54 

18 

1 1 X 10' 

73 

56 

23 

9 4 X 10' 

63 

5S 

30 

2 9 X 10' 

19 

60 

40 

6 4 X 10' 

4 

62 

Free 

4 5 X 10' 


50 

Control 

7 2 X 10' 



activity All bactencidal activity could be accounted for by the active phage 
present This does not exclude the possibflity that bactena lysed in proflavme 
hberate some kmd of inactive, nonbactencidal phage particle 

The time of occurrence of the profiavvne-inhibited reaction We have seen that, 
ui the presence of proflavme, abihty to hberate phage is not lost until approxi- 
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amtely the tune when the infected bactenmn is lysed This may indicate either 
that the infectmg particle remains, as it were, m a donnant state, as found for 
5-inethyl tiyptophan (Cohen and Anderson, 1946, Cohen and Fowler, 194"), or 
that the processes leading to phage multiphcation go on mside the bactenmn but 
that some late or even final reaction needed for production of active phage is in- 
hibited. This point was tested by deter minin g the length of the interval between 
dilution in ^4-9 medium to remove proflavme and the initiation of the nse in titer 
The results shovrn m table 4 mdicate that phage hberation begins almost imme- 
diately upon dilution and proceeds at a normal rate 


TABLE 4 


Absence of latent ■period after removal of proflavine 
The procedure was the same as descnbed in table 2 with an additional dilution 1 20 from 
proflavine at the times indicated in column 1 The titer of this growth tube was then 
determined at the times specified in column 2 


too: QT KEKOVAt TZOiC PZQTLAVZSE 
(KIKirXES) 

mte or ASSAY (msuTES attek 

EEMOVAI. non raOIXAVE-E) 

TITtl 

T2 Oatent period 21 minutes) 

28 

0 

3 8 X 10’ 

1 

3 

1 1 X 10’ 


5 

i 

>4 0 X 10’ 

40 

0 

2 7 X 10' 


2 

3 2 X 10‘ 


4 

4 3 X 10« 


6 

1 1 X 10’ 


8 

1 

2 0 X 10’ 


T6 (latent period 30 minutes) 


34 

0 

1 2 X 10’ 

4 

1 9 X 10’ 


6 

2 2 X 10' 


8 

4 1 X 10’ 


11 

2 2 X 10’ 


16 

7 9 y 10* 


31 

1 5 X 10’ 


We may then conclude that some of the reactions leading to phage 
proceed m the presence of proflavine, and that the inhibitory action is excrt^ 
on some late step m the process If so, the addition of proflavine at % ^^nous mt 
vals after infection should only suppress phage growth to the ev^ent that - 
reacbons inhibited by proflavme have not yet taken place Sev oral cxpenm 
of this type were performed Table 5 shows the r^ts of 
eicpenments, m which the C I concentration of pro^tme ^ 

mtervals after mfecfaon and aU tubes were assajed at a time ^ 

fn^fLS ^been completed It will be seen that, both with and TO. Li 
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17 minutes the process of phage formation has already reached a stage at which 
some active phage can be produced m the presence of proflavme A progressive 

TABLE 5 

Addition of the C I concentration of proflavine at various intervals after infection 
The procedure as that of the one step growth experiment The mixture of phage and 
bacteria as diluted after 8 minutes and divided into a series of tubes, one of which received 
the C I concentration of proflavine at one of the times indieated in column 1 The yield 
of phage in the presence of proflavine as measured beti\ een 52 and 60 minutes for T2, and 
between 60 and 70 minutes for T6 The value for the time “—2 minutes” was obtained 
by a parallel experiment similar to the one of table 2 


1 

TIME BETWEEN INTECTIOK AND 
ADDITION or PROFLAVINE | 

(minutes) 

FINAL TITER AFTER LYSIS 

YIELD IN FERCENTACE OT YIELD 

IN CONTROL 

T2 (latent period 21 minutes) Input 1 6 X 10' 

-2 

2 0 X 10' 

0 

10 

1 9 X 10' 

0 

16 

1 2 X 10' 

12 

20 

3 5 X 10' 

35 

24 

7 7 X 10' 

77 

28 

8 1 X 10' 

81 

32 

8 9 X 10' 

89 

36 

9 3 X 10' 

93 

40 

9 2 X 10' 

92 

44 

9 7 X 10' 

97 

No proflavine 

1 0 X 10' 

100 


T6 (latent period 30 nunutes) Input 6 2 X 10' 


-2 

4 2 X 10' 

0 

15 

3 4 X 10' 

0 8 

17 

9 1 X 10' 

2 3 

20 

2 8 X 10' 

7 

25 

9 1 X 10' 

23 

30 

2 9 X 10' 

74 

35 

3 3 X 10' 

85 

40 

4 2 X 10' 

108 

45 

4 5 X 10' 

116 

60 

4 8 X 10' 

123 

No proflavine 

3 9 X 10' 

100* 


’Since the yield in the control tube for this experiment was abnormally low, in plotting 
these results in figure 2 we used the values as percentages of the maiomum titer reached 
With proflavine input at 60 imnutes The apparent increase in yield over the control is 
not sigmficant 

mcrease m phage production is foimd as proflavme is added at later times Ex- 
trapolation from these and other data not mcluded m the table suggests that the 
latest mput tune for complete suppression is about 12 to 15 mmutes after mfec- 
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tion, this tune being possibly earher for T2 than for T6 The results of experi- 
ments of this type are plotted m figure 2, which shows the progressive increase 
m phage hberation as a function of the tune of addition of proflavine 

The data m table 5 and figure 2 may be mterpreted as suggesting that the par- 
ticles inside the bactena reach at vanous tunes a stage at which proflavine can no 



the drug 

longer prevent the further Luna and Latar- 

therefore, give some information on ^ ^ j g ,ntraccllulnr 

3 et (1947), usmg ultraviolet betveen 7 and 1 

growth, found that a m ’P concluded that, m the multiplication o 

nimutes after infection, , -ngj-ease at this penod Confirma 

this phage, the number of P^^^ ^ ’ 

tion of this conclusion appears to be provideu oy 
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1948) Although these observations may support the hypothesis that by the 
addition of proflavine at mtervals after infection we can measure the actual m- 
crease in phage ivithm the culture dunng the latent period, our data are insuffi- 
cient to justify a quantitative analysis of this type 

The fact that no phage liberation occurs if proflavme is added before a critical 
tune in the latent period suggests the possibility that no fully active phage is 
present as such in the cell up to that time This suggestion is m agreement with 
the recent findings of Luna (1947) and Doermann (pnvate commumcation) 
The stage in phage production blocked by proflavme may be connected with the 
appearance of fully active phage particles 

The slow rise in phage yield as a function of the time of mput of proflavme 
(figure 2) might be due to one or two reasons (1) the sequel of reactions mvolved 
m phage production reaches, earlier m some cells than m others, a stage that can 
no longer be blocked by proflavine, just as some cells lyse before others, or (2) 
the processes leading to the production of individual phage particles inside each 
cell reach at different times a stage that can no longer be blocked by proflavme, 
there bemg m each cell a gradual accumulation of phage particles whose produc- 
tion has reached this stage This hypothesis does not m itself imply any specific 
mechanism of phage reproduction 

In an attempt to distmguish between these two possibihties, single burst ex- 
periments were performed, addmg proflavme at different times durmg the latent 
penod before the samples were diluted m proflavme and distnbuted to mdmdual 
tubes All tubes were plated at the tune at which the nse penod m the absence 
of proflavme was completed The number of cells yieldmg active phage m the 
presence of proflavme can be obtained directly from the number of samples with- 
out bursts If the fraction of samples without bursts is e~*, then the number of 
bursts per sample is given by x By the first hypothesis — difference m critical 
stage among bactenal cells — a few tubes should show a normal burst, but the 
others should show no phage By the second hypothesis — difference m critical 
stage among phage particles — many tubes should show a burst, but this burst 
should be small Only one smgle-burst experiment was done for each time of 
proflavme addition Table 6 shows the results of these experiments for T2 and 
T6 Although more experiments would be desirable, a tentative conclusion 
seems justified 

With both phages the fraction of infected cells capable of hberatmg phage m 
the presence of proflavme (table 6, column 8) mcreases rapidly, but the average 
yield per fertile burst (table 6, column 10) is much lower than the average yield 
per hurst m the control, even when a majority of the mfected cells already give 
active phage m the presence of proflavme Both the number of bacteria that 
hberate phage and the amount of phage hberated per bacterium mcrease as the 
time of the addition of proflavme approaches the end of the latent period Since 
we have already concluded that the inhibitory action of proflavme is exerted on 
some late step m the process of phage production, we mclme to the behef that 
individual phage particles reach at various times the stage which is blocked by 
proflavme, and that a bacterium hberates active phage m amounts correspondmg 
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to the number of particles that had completed this stage at the tune of the addi. 
tion of proflavme 

The effect of addition of proflavine to hacleria prior to infection vnth T2 In the 
ey enments discussed above proflavme was added to bacteria 2 mmutes before 
addmg the bacteriophage When the host, however, is exposed to the C I con- 
centration of proflavme for longer periods of time before infection with T2 (45 
mmutes to 4 hours) and the phage is then added and hberation tested at inter- 
vals, some phage production occurs m the presence of the C I concentration, the 
more so the longer the tune durmg which the bacteria have been in contact with 
the drug The effect is not due to reduction m drug concentration by previous 


TABLE 6 

Single burst experiments proflavine added at intervals during the latent period 
Bacteria were mixed with phage in the absence of proflavine Eight minutes later, the 
mixture was diluted in M-9 medium to stop adsorption At the time indicated in column 2, 
the C I concentration of proflavine was added to the diluted mixture The mixture nas 
further diluted in medium with the G I concentration of proflavine in such a way that, 
when distributed in single-drop samples to a large number of tubes, it u ould give a suitable 
number of bursts per tube The final plating of the entire contents of each tube uas done 
at the time of the maximum titer in the control 


rZAGZ 

TTPZ 

TIME 
BETWEEK 
INEECTZON 
AirPAI>Dl 
TICK OF 
PSCFLAVDfE 

(minutes) 

NUMBEE 

OP 

SAM- 

PLES 

IN. 

PECTED 
BAC- 
TERIA 
IN ALL 
SAM- 
PLES 

w- 

PECTEO 

BAC- 

TERIA 

PER 

SAMPLE 

SAM 

PLES 

WITH- 

OUT 

fertile 

BURSTS 

PROPOR 
TION OP 
SAMPLES 
WITHOUT 
FERTILE 
BURSTS, 
e"* 

AVER 
ACE 
KUM 
BER OF 
BURSTS 
PER 
SAMPLE 
X 

1 IN 
j PECTED 
BAC 
TERIA 
VIELO 
INC 
PHAGE 
(%) 

TOTAL 
YIELP 
IN all 
SAMPLES 
MINUS 
FREE 
PHAGE 

H 

SAKceor 

YIELOSW 

isDim* 

UAL 

pEsriit 

DUESrS 

T2 

16 

36 I 

236 

6 56 1 

6 

0 167 

1 79 

27 

387 

6 0 

3-35 


20 

36 

140 1 

3 9 1 

3 1 

0 083 

2 48 1 

63 7 

1,328 

14 9 1 

3-114 


No pro- 
flavine 

' 36 

' 59 

1 64 

7 

0 m 

1 64 

100 

2,0G6 

35 

5-307 

T6 

20 

24 

34 

1 42 

16 

0 666 

0 41 

28 8 

148 

15 1 

2-44 


27 

36 

23 5 

0 65 

19 

0 5277 

0 64 

98 

671 

29 1 

3-82 


No pro- 
flavine 

24 

20 9 

0 87 

10 

0 417 

0 87 

100 

2,045 

9S 

4S-322 


contact with bactena, smee all samples are diluted m fresh medium containing 
the C I concentration 8 mmutes after infection The reduction in mhibitorj 
effect of proflavme after prolonged exposure of the bactena is even more pro- 
nounced when tested with dilution from proflavme 35 minutes after infection 
Although praO&vme-resistant bacterial mutants can be obtamed, the phenome- 
non discussed here was shown not to be due to a selection of mutants n c in 
chne to the behef that during gron^h m the presence of proflavme an a 
of the host occurs, which makes the cells more suitable for phage grow th i J 
may be caused, either by the accumulation dunng this penod of some maten 
needed for phage growth, or by the activation of an alternate metobolic path . ay 
removmg the block to phage production (for adaptation to proflavme so- Bin 
shelwood, 1946) 
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Bactenophage mutants resistant to proflavine By plating large amounts of the 
most sensitive phage types, T4 and T6, on agar contaimng inhibitory concentra- 
tions of proflavine a few plaques were obtained Stocks prepared from these 
plaques in medium vuthout proflavine showed higher proflavine tolerance than 
the respective wild type The process could be repeated, with further increase 
m tolerance The danger of contamination of the stocks with other phages used 
m the laboratory was eliminated by sensitivity tests with a number of mdicator 
bactenal strams (Delbruck and Luna, 1942) The differences m proflavme toler- 
ance between mutants and wild types, as measured by the C I concentrations, 
were sigmficant A threefold mcrease m resistance was observed for T6, and a 
twofold mcrease for T4 

These experiments, by showmg that proflavine sensitivity of a phage can be 
brought about by a heritable change m the phage, suggest that some of the mech- 
amsms of intracellular growth which are prevented by proflavme may be ear- 
ned by the phage particle itself 

Antagonism of proflavine inhibition of T2 multiplication In addition to nbose 
nucleic acid, polymerized and depolymenzed desoxynbose nucleic acid (DNA)' 
were tested as antagonists of proflavme Complete reversal of inhibition of 
phage growth was obtamed with both preparations of DNA at 0 25 mg per 100 ml 
The nbose nucleic acid was slightly less effective Casein hydrolyzate or nbo- 
flavm produced very little reversal Cohen (1948) measured the increase m 
DNA m bactena followmg infection with bactenophage T2, and found that in- 
crease m DNA began several mmutes after infection It seems possible that the 
nse m DNA may parallel the appearance of phage that has completed the profla- 
vme-mhibited step, and that the chemical step subject to proflavme inhibition is 
related to the formation or utilization of DNA for phage synthesis (Mcllwam, 
1941) 


DISCUSSION AND SUMMARY 

The use of proflavme as an inhibitor of phage growth has demonstrated that 
the characteristics both of the host and of the phage affect the response of infected 
bactena to the drug On the one hand, adaptation of the host may permit phage 
growth m the presence of the drug On the other hand, the growth sensitivity 
to proflavme is charactenstic of each phage type and can be altered by mutation 
of the phage Confirming the observation of Fitzgerald and collaborators 
(1946) we found that the growth of several phages, particularly those of the 
“large particle” type, is completely inhibited by drug concentrations that allow 
normal or subnormal multiplication of the host 

Proflavme appears to block a late reaction necessary for the production of 
active phage, whereas some of the earher processes leadmg to phage production 
are completed m the presence of the drug, since the removal of proflavme allows 
phage hberation without any appreciable delay Phage-mfected bacteria m 
wbch the production of phage is inhibited by proflavme are lysed after a normal 

‘ Kindly suppbed by Dr Seymour S Cohen 
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atent penod, but fail to bberate any active phage particles In these respects 
the i^bition by proflavine differs from the inhibition of T2 growth by o-mefinl 
tiyptophan (Cohen and Anderson, 1946, Cohen and Fowler, 1947), which appears 
to interrupt phage growth completely It is not knoivn whether or not infected 
bactena inhibited by 5-methjd tiyptophan undergo lysis, like those inhibited b; 
proflavme Particularly in view of the different modes of action of the two in- 
hibitors, it is mterestmg that m both cases complete inhibition can be obtained 
only if the inhibitor is mtroduced mthm 12 to 14 mmutes after mfection It maj 
be that this represents the nimimum tune of appearance of active phage particles 
mside the bacterium It is possible that the proflavme-blocked reactions, uhich 
we have shoivn to take place relatively late m the course of infection, involve the 
formation or utihzation of desoxynbose nucleic acid, the synthesis of which has 
been found (Cohen, 1948) to begin several minutes after infection mth bac- 
tenophage 
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MECHANISM OF PROPIONIC ACID FORMATION BY 
PROPIONIBACTERIUM PENTOSACEUM 

EUGENE A DELWICHEi 
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Decarboxylation of succinic acid as a mode of formation of propionic acid m 
the genus Propiombactenum has been suggested (Werkman and Wood, 1942), 
and evidence has been presented that supports this contention Numerous ob- 
servations concermng the abibty of the genus to ferment succmic acid with the 
formation of propiomc acid have been made (Shaw and Sherman, 1923 , Hitchner, 
1934, Fromageot and Bost, 1938) Wood and Werkman (1942) determmed the 
products of the anaerobic breakdomi of succimc acid and reported the production 
of propionic acid and carbon dioxide m approximately equimolar amounts along 
with small amounts of acetic acid They reported the production of no other 
products The data obtamed with isotopic carbon by Carson and Ruben (1940) 
and Wood et al (1940, 1941) constitute evidence that propiomc acid results from 
the decarboxylation of a symmetncal dicarboxyhc acid 

A recent report of mvestigations by Johns (1948) mdicates that bactenal de- 
carboxylation of succinate as a major reaction has been observed with an anaero- 
bic imcrococcus isolated from the rumen of sheep This orgamsm was reported 
as being strictly anaerobic and differing from the propionic acid bacteria m that 
it did not ferment sugars Optimum pH for the decarboxylation was reported 
as 7 4, which is much higher than the optimum pH of 5 1 to 5 2 of the succimc 
decarboxylase system described in this paper 

No adequate data, however, have been available showing that the genus Pro- 
jyiombactenum can decarboxylate succimc acid at a rate which can account for 
this pathway as a pnncipal mechamsm Data are herewith presented which 
demonstrate that succinic acid can be decarboxylated at a rate which can account 
for all of the propiomc acid produced from pyruvic acid under similar conditions 

EXTERIMENTAIi METHODS 

Cultural methods Stram E214 of Propiombactenum. pentosaceum of Professor 
C B van Niel’s collection was obtamed through the courtesy of Dr Fntz Lip- 
mann and was used in all experiments 

Cultures were grown for 36 hours at 30 C after a 5 per cent moculation into a 
4-hter Erlenmeyer flask contaimng 2 hters of a medium composed of 0 5 per cent 
each of glucose, peptone, and Difco yeast extract At the end of the mcubation 
period the cells were removed by centrifugation, washed twice m a volume of dis- 
tilled water equal to the ongmal volume of the fermentation broth, and resus- 
pended in phosphate buffer of pH 5 2 or m distilled water 

Manometnc methods All of the experimental work concermng rates of fer- 

' Standard Brands Fellow m Bacteriology, Cornell University 
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mentation of pyinvate, succinate, and other substrates was conducted by means 
of the u^al Warburg manometne techniques A total of 3 0 ml was contained 
m each Warburg vessel and was composed of 1 0 ml of a cell suspension, 0 2mlo! 
substrate m the side arm, and 0 3 ml of semiearbazide when this latter substance 
was mcluded The total volume was made up to 3 0 ml by the addition of phos- 
phate buffer Specific details concenung cell, buffer, substiate, and inliibitor 
concentrations and pH are given under “Experimental Results” for each indn id- 
ual experiment All manometne expenments were conducted at 30 C under an 
atmosphere of mtrogen 

In earlier expenments when the activities of dned cell preparations w ere tested, 
the drjung was done by placmg the freshly harvested and washed cells in 2- to 
S-miHimeter layers m petn dishes and diymg rapidly zn vacuo over “dricnfc ” 
The dned bactena were stored at 5 C For use a weighed quantity of cells was 
resuspended m m/100 phosphate buffer to the desired concentration 

Analytical methods Volatile acids were determmed by pooling several War 
burg cups, or by takmg an ahquot of the fermentation broth, and proceeding 
accordmg to the general distillation and partition methods described by Osbum, 
Wood, and Werkman (1936) When volatile acids were determined from pooled 
Warburg vessel contents, microtitration methods were employed, which enabled 
an accuracy of measurement of 0 02 ml of the titration alkali Molar percent- 
ages of acetic and propionic acids were determmed from a standard curve care- 
fully worked out with pure acetic and propionic acids of a concentration of the 


order of the samples to be analyzed 

The partition method of analysis is based upon the distnbution of two acids 
between two immiscible solvents, such as water and diethyl ether, when dilute 
aqueous solutions of the acids are shaken with acid-free ether m separatory fun- 
nels Each acid of a pair of acids will show a charactenstically different distn- 
bution, which may be quantitatively determined by titration of the aqueous layer 


In the experimental work here reported this pnnciple of distnbution between two 
phases was reduced to an analytical basis as follows 25 ml of a solution of pro- 
piomc acid of a known concentration were shaken in a separatory funnel with 50 
ml of acid-free ether The aqueous layer was removed and titrated with 001 
N NaOH, and this value w as designated as Nj An ahquot of the same acid solu- 

tion was titrated with no previous ether extraction This titration value was 
designated as Ni The "partition constant,” designated as Ki, was obtained bj- 
divndmg Nz by Nj and multiplying by 100 A sunilar procedure was follow^^ 
with a solution of acetic acid of equunolar concentration A "partition constan 
for acetic acid was thus obtained Plottmg the Ki values on the ordinate an 
molar percentages on the abcissa, a standard curve was established with the i 
values of pure solutions of acetic and propionic acids providmg the minimal two 
pomts Mixtures of the two acids of known concentrations were treaty m an 
identical manner, and it was found that the K values thus obtained fell on i 
straight hne already established with the K values of the 100 molar per cc 
acids An identical procedure was followed wuth different proportions of aciU 
solution and ether Twenty-fiv e ml of aqueous acid phase and 2 o ml o. e 
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phase were used in this second standardization “Partition constants” of a 
different magnitude resulted, and a different standard curve was drawn Un- 
knoira acid solutions -were analyzed by obtammg the Ki and K2 values by the 
method described, and leading molar concentrations from the standard curves 
The presence of a third acid or of any volatile neutral product would have been 
reflected by poor agreement of the analytical data from both Ki and Ka curves 
Anal3d;ical data were not accepted as final if poor agreement from Ki and K. 
values was obtamed 

When pjTUvate v as present m the fermentation mixture, it was removed by 
shalong for at least 10 hours with 2,4-dimtrophenylhydrazme under acidic con- 
ditions 

Of the chemicals used, only the semicarbazide needs special mention In order 
to perform the analjdical teclmiques, no volatile acid of a foreign nature could be 
present, hence the hydrochlonde could not be used Chermcally pure semicar- 
bazide was converted to the sulfuric acid salt by digestmg with a slight excess of 
an equivalence of silver sulfate and subsequently removing the excess silver ion 
by precipitation with hydrogen sulfide The resultmg chlonde-free solution was 
boiled to remove dissolved hydrogen sulfide, adjusted to pH 5 2, and then made 
up to volume 


EXPERIMENTAL RESULTS 

Comparative rates of decomposition of psmivate, succmate, fumarate, and 
L-malate were obtamed manometncally Each vessel contamed 1 0 ml of a sus- 
pension of cells m m/100 phosphate buffer of pH 5 2, and 0 2 ml of m/5 substrate 
m the side arm Semicarbazide was mcluded when succmate, fumarate, and 
L-malate were the substrates, and was added m the amoimt of 0 3 ml of m/10 
semicarbazide sulfate prepared as described under “Experimental Methods ” 
The total volume m aU cases was made up to 3 0 ml by the addition of m/100 
phosphate buffer of pH 5 2 All solutions were at pH 5 2 before addition to the 
Warburg cup Incubation was at 30 C for 120 mmutes under an atmosphere of 
nitrogen Activity was expressed as juL of CO2 per mg per hour, hereafter desig- 
nated as Qco. 

Both pyruvate and succmate were found to be decomposed at significant rates 
(Qcoj of 11 1 and 4 4, respectively, for the first 60 mmutes when 35 mg of cells 
were present) , fumarate was decomposed significantly rapidly (Qcoj of 2 9) , and 
n-malate was decomposed at a slow rate (see figure 1) Of significance m the case 
of fumarate decomposition is the observation that with a decreased level of cells 
present (10 mg per cup) the relative rate of decomposition of fumarate compared 
to succmate is greatly reduced (figure 2) Makmg the reasonable assumption 
that it IS the succmate that is bemg decarboxylated, this difference can be e\- 
plamed on the basis of the greater reducmg capacity of the higher concentration 
of cells The activity on the L-malate was qmte logically found to be lower than 
the activity of the fumarate and was also decreased by the presence of fewer 
cells Semicarbazide was mcluded as a ketone-trappmg agent to elimmate the 
possibihty of reversion to pyruvate m the cases of the dicarboxyhc acids This 
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Figure 1 Activity of heavy cell fluBpenBion (35 mg per vessel) 





Figure S Activity of light cell suspension (10 mg per vessel) 

addition can be considered as a mere precautionary measure, since separate 
experiment established that the rate of decomposition of succinate, fumarate, 
and malate remamed unchanged upon the addition of this inhibitor 



1948] 


PROPIONIC Acm FORMATION 


815 


A similar experiment was conducted in order to determine the amounts and 
proportions of volatile acids produced and the carbon dioxide evolved from pyru- 
vate as compared to succinate The experiment was identical to the one 
concerning rates mth the exception that the mcubation penod was increased to 
240 minutes and the only vessels utilized were six with pyruvate as a substrate 
and SIX with succinate as a substrate In each case six control cups were run 
for the purpose of making endogenous corrections of the analysis data At the 
end of the mcubation period 0 5 ml of 5 n HiSO* were added to each cup to stop 
the fermentation reactions, and the six cups were pooled for analysis They 
were distilled and analyzed for volatile acids by the partition methods described 
For amounts and proportions of volatile acids and COj produced, refer to table 1 
In the experimental work which resulted m the data presented in table 1, the 
same crop of cells was used in all fermentations, and identical experimental condi- 
tions were mamtained , hence, the data may be considered completely comparable 
Of primary significance is the observation that m the decomposition of succmate, 

TABLE 1 


Volatile acids and carbon dioxide produced from pyruvate and sucanate under 

identical conditions 



nOU PYBUVAIE* 

raou SUCCINATE* 

Acetic acid 

114 p Moles 

6 u Moles 

Propionic acid 

46 u Moles 

96 fi Moles 

Carbon dioxide 

129 p Moles 

108 (1 Moles 


* Values are corrected for the follouang endogenous production 73 ysi acetic acid, 38 
)iM propionic acid, and 34 pm COj Endogenous values remained the same in the presence 
of senucarbazide 


propionate, appearing quite logically in approximately equimolar amounts with 
carbon dioxide, is produced m significantly greater amounts than m the case of 
pyruvate decomposition 

Prehmmary studies of the succmic decarboxylase system have shown it to be 
most active at pH 6 1 to 5 2 (figure 3), as previously reported by Werkman and 
Wood (1942) In determmmg the optimum pH, manometnc measurements of 
carbon dioxide evolution were made Each Warburg cup contamed 1 0 ml of a 
suspension of 10 mg of washed cells suspended m distilled water, 0 2 ml of m/5 
succmate m the side arm, and 1 8 ml of m/100 phosphate buffer The latter two 
constituents were adjusted to the desired pH values before addition to the cup 
A vessel without substrate was mcluded for each pH value at which utilization 
^as tested Each of the pomts indicated on the curve m figure 3 is properly 
corrected for the endogenous fermentation Incubation was made at 30 C for 1 
hour under an atmosphere of nitrogen Activity in terms of Qco. determined 
Bud plotted agamst pH values (figure 3) 

The activities of cell preparations m the decarboxylation of succmate from cul- 
hires ranging m age from 12 hours to 16 days were detenruned by the manometnc 
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fna f of mcibato After 6 days the actmty had dropped to oae- 
smd It remained at about the same low value for cultures ranpue „ 

of incubation activity was insignificant ° 

A dried preparation of Propiombacienum penfosaceum vas examined for ac- 
tivity on succinate No significant actmty was obtained mth this preparation 



Figure S Effect of pH upon the activity of the succinic deenrbovyJase sjstcm 


TABLE 2 


The production of volatile acids from glucose as related to the pH of a buffered culture medium 


TIltE or D^CinJATION 

pH 

AUAcrnc Acii> 

rxorio lie aod 

19 hours 

7 12 

39 

0 

23 hours 

6 76 

100 

III 

25 hours 

6 45 1 

ICS 

201 

27 hours 

1 5 93 

1 223 

219 

29 hours 

5 21 

234 

3C3 

31 hours 

4 SO 

244 

324 

41 hours 

4 75 

2C9 

C31 


A study of the production of acetic and propionic acids as related to pH, and 
therefore to the actmty of the succinic decarboxylase sj'stcm, uas made hi tli" 
analysis of an ordinary fermentation broth for volatile acids at larj mg tunc and 
pH intervals throughout the fermentation Aliquots of an ordinar} culture 
medium composed of 0 5 per cent each of glucose, peptone, Difco jeast extract, 
and K-HPO4 were analyzed at such inten'als as to cover the cntical pH range 0 
an assumed succimc decarboxj lase sjstem In general, it was apparent that 
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Significant amounts of propionic acid did not appear until the pH had dropped 
helow 6 5, and that peak production did not appear until the pH was well below 
6 0 Careful exammation of table 2, however, will show that somewhat contra- 
dictory to the general tenets already set forward is the appearance of appreciable 
amounts of propionic acid at a pH of 6 76, whereas studies concerning optimum 
activity of the succinic decarboxylase system indicate only slight activity at pH 
6 5 This apparent discrepancy is not necessarily evidence for an alternate 
system of propionate formation All experimental work was conducted mth 
intact cells in which cell permeability is a decided factor in the utihzation of any 
substrate It is not unreasonable to visualize that at higher pH ranges the cell 
membranes may not be permeable to succmate, a situation which, with growing 
cells, would not be a factor since the succmate would necessarily be produced 
withm the boundaries of the cell 

Studies concerning the optimum pH of the succmic decarboxylase system show 
greatest activity at the general pH range of 4 5 to 5 5, with slight activity as high 
as pH 6 5 Thus it is evident that in ordinary culture media the production of 
propionic acid occurs at a pH range not mcompatible with the functiomng of a 
succmic decarboxylase system as at least an important mechanism 
In studies of this nature it is desirable to separate and delmeate critical reac- 
tions msofar as possible The use of malonate m a concentration of 0 3 m m the 
Warburg cup was found to cause an approximately 90 per cent inhibition of the 
functionmg of the decarboxylase on succmate If succmate decarboxylation was 
the mam pathway to propionic acid, it would then have to follow that, m a sys- 
tem inhibited by malonate, propionate production from pyruvate would be essen- 
tially eliminated Usmg the methods already described m the work concerning 
the amounts and proportions of volatile acids produced, this hypothesis was 
tested for experimental vahdity When the contents of the six pooled cups were 
analyzed, it was found that m the presence of 0 3 M malonate only traces of 
propionate were produced from pyruvate 

DISCUSSION 

The formation of propionate from pyruvate can be postulated as mcludmg the 
following major reactions resultmg m the over-all transformation mdicated by 
reaction (7) 

( 1 ) 2CH3COCOOH + 2 HiO 2CH3COOH + 2CO2 + 4 H 

(2) CH 3 COCOOH + CO 2 COOHCH 2 COCOOH 

(3) COOHCH 2 COCOOH -1- 2H COOHCH 2 CHOHCOOH 

(4) COOHCH 2 CHOHCOOH COOHCH=CHCOOH + H 2 O 

(5) COOHCH=CHCOOH -f 2H COOHCH 2 CH 2 COOH 

( 6 ) COOHCH2CH2COOH CHsCHjCOOH + CO2 


( 7 ) 3 CHjCOCOOH + HjO -> 2CH3COOH -f CH3CH2COOH + 2CO2 
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Evidence in favor of such a scheme is not lacking The carbon dioxide fix-ition 
step IS supported by the ongmal studies of Wood and Werkman (193Ga) on the 
general problem of heterotrophic carbon dioxide fixation and by their more spe- 
cific investigations (19366, 1938, 1940) The investigations mth carbon isotopes 
conducted by Carson and Euben (1940) and Wood ei al (1940, 1941) support a 
theory of random decarboxylation of a :gmimetnca2 dicarboxylic acid in the for- 
mation of propionate from glycerol and isotope-labeled carbon dioxnde The 
senes of reactions from oxalacetate to succmate have been shown by Krebs and 
Eggleston (1941) to be reversible in the case of the propionic acid bactena 
The possibihty of the decarboxylation of succimc acid as a major reaction in 
the formation of propiomc acid was considered by Werkman and Wood (1942) 
In their review concermng heterotrophic assimilation of carbon dioxide, they 
present an excellent analysis of the isotope data previously mentioned, and in 
their treatment of the subject they state “This is further evidence that the pro- 
piomc acid IS formed m the glycerol fermentations exclusively by decarboxylation 
of a symmetrical dicarboxyhc acid It is the mechanism of the decarboxylation 
that particularly is uncei tain ” Also “There is some evidence that the propi- 
omc acid bactena can decarboxylate succmate anaerobically (COOHCH-CH- 
COOH CO2 + CH3CH2COOH) but it is questionable whether or not the r ito 
of this reaction is high enough to be of any considerable importance " They 
desenbe unpublished experiments in their laboratoiy in which Proptombaclcnum 
arabtnosum fermented succmate to propiomc acid, carbon dioxide, and small 
amounts of acetic acid, but a large conversion was not obtained 
Noteworthy are the earher investigations of Shaw and Sherman (1923), Hitch- 
ner (1934), and Wood et al (1937) in which the fermentation of succinate to 
propionate is reported Although m all cases these mvestigations ixcre in tlie 
nature of fermentation studies and the more controlled conditions of resting cell 
techmques were not employed, their data in the light of the more recent isotope 
studies and the findings reported m this paper become more meaningful 

Fromageot and Bost (1938) made the interesting observation that their culture 
of Projnonibactenum peniosaceum could produce propiomc acid from succmate 
only m the presence of glucose They worked with 48-hour w'et cell suspensions 
m a pH 6 4 bicarbonate buffer An explanation of their failure to show aclixity 
on succmate alone could be the unfavorable pH When glucose w as prcocn t, acid 
production could occur to an ex'tent that could easily lower the pll su/ficiently to 
permit activity of a succinate decarboxylase of the type described in this paper 
Acetate condensation as a mode of formation of succinate is under inve:jti^3- 
tion by Carson ei al (1948) In abstracted form they suggest that a C. conden- 
sation may occur The anabdical data of table 1 do not support a thcorj 0 . 

acetate condensation as a major mechanism 

The possibihty of the direct reduction of pjTUvate with lactate as an interme- 
diate has been weU eliminated by the fluonde inhibition studies of Chan 
mand as cited by Barker and Lipmann (1944), and also b} the more detailed 
mvestigations of the latter With the revision of the hx-pothetical scheme ^ 
Barker and Lipmann (1944) to include a carbon dioxide fixation st^p and 
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necessary reductions, succinate can be included as the hypothetical compound 
“X ” The fluoride sensitivity they discuss is probably concerned m a lactate to 
P3rruvate transformation and is possibly a matter of mhibition of a hydrogen 
transport mechanism 
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STTMMART 

Data are presented which demonstrate that Projnonibacteriwn pentosaceum 
possesses a suceimc decarboxylase system sufficiently active to produce propiomc 
acid from succmic acid at a rate comparable to the rate of production of propiomc 
acid from pyrumc acid 

The succmic decarboxylase system is most active after 36 to 38 hours’ incuba- 
tion under the conditions stated, and shows greatest activity at pH 5 1 to 5 2 
It is over 90 per cent destroyed by drying, and is approximately 90 per cent in- 
hibited by 0 3 M malonate 

The production of propionic acid from pyruvic acid is almost completely m- 
hibited by the presence of 0 3 m malonate 
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The cytological and immunological data on the chemical composition of the 
cell wall and slime layer of the bacterial cell have been discussed by Eiiaysi 
(1944) and Dubos (1945) The methods of microelectrophoresis have also been 
used m studymg surface phenomena of bactenal cells by Abramson (1934), 
Abramson, Moyer, and Gorm (1942), Dyar and Ordal (1946), and others 
These data piovide much useful information concenung the properties of the 
cell wall, but, unfortimately, there is little known concemmg its chenucal com- 
position Likewise, although the capsular matenal of some bactena is relatively 
easy to separate fiom the rest of the cell and has been identified as consistmg of 
high molecular weight polysaccharides, often with acetyl and ammo groups 
(Dubos, 1945) or of polypeptides (Hanby and Rydon, 1946), m many cases its 
chemical composition and origin are both unknown However, there is good 
evidence that the outer surfaces of bactena differ widely, and that most are 
complex m composition 

Some surface constituents have an electrophoretic response distmctive enough 
to detect even m a complex surface This pnnciple has been mcely demonstrated 
by Bradbury and Jordan (1942), whose studies on the effects of p-ammobenzoic 
acid and related compounds on the mobihty of Eschenchia coli mdicated that the 
drugs associated with the cells through their aromatic ammo groups, and by 
Cohen (1945), who detected imidazole and ammo groups at the surface of a 
species of Proteus by substitution with benzene sulfonyl chlonde Response to 
pH reveals even small amounts of amphoteric matenal m a surface although it 
would not be expected to distmguish kinds of amphotenc substances The 
experiments of Dyar and Ordal (1946) on bactena and on known surfaces mdi- 
cated that lipid and perhaps other surface substances may be distmguished by 
their electrophoretic behavior m the presence of surface-active agents 

Such specific electrophoretic teclmiques coupled with other appropnate pro- 
cedures seem to offer great promise m studymg the chemical nature of the outer 
membranes of bacterial cells By a careful choice of reagents to remove certam 
surface materials, for mstance by the use of solvents or enzymes, some of the 
substances occurnng m a complex surface might be identified with considerable 
certamty, and at the same time their removal should simphfy the study of the 
remammg surface The success of enzyme treatments is illustrated by the 
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work of Avery and Dubos (1931), who showed that an enzyme extracted from a 
sod baciUus depolymenzed the capsule of hvmg, type III pneumococci 
In the present study we have attempted to find out more about the surface 
of bactenal cells We have extended some of the electrophoretic procedures of 
charactenzmg cell surfaces developed by Dyar and Ordal (1946) by combining 
them with smtable chemical and enzymatic treatments to "stnp of!" parts of 
the surface 


JfETHODS 

The methods were essentially the same as those described by Dyar and Ordal 
(1946) The data were calculated as electrophoretic mobility expressed in 
microns per second per volt per centimeter, corrected to 25 C (]\Ioyer, 1936) 
The most mtensive studies were made on Micrococcus aureus because in 
prelumnary experiments its surface was found to contam several components 
that could be detected easily Mycobacterium smegmahs and several species of 
Bacillus were also investigated In most of the experiments the medium was 
0 5 per cent peptone and 0 25 per cent yeast extract broth to which glucose or 
other substances were added The cultures were usually grown for 12 to 21 
hours at 30 C on a shakmg machme Mycohaclenum smegmatis ivas grown at 
37 C without shaking Other conditions of growth as well as the preparation 
of some bacterial products are desenbed later 
All experiments were performed in buffer solutions of 0 02 ionic strength 
Phosphate buffers were used for pH 6 to 8 (Cohn, 1927), acetate buffers for pH 
4 to 5 (Cohn, Heyroth, and Menlan, 1928), and HCl-KCl buffers for pH 2 to 3 
A number of surface-active agents were used m this investigation These 
mcluded the sodium salts of dodecyl, tetradecyl, and hexadecyl sulfonic acid, 
which were found to be more significant in studymg lipids than sodium tetradecyl 
sulfate (2-methyl-7-ethyl undecanoI-4-sulfate) used in the earlier experiments on 
bacterial surfaces, and cetyl pyndinium chlonde Highly purified preparations 
of sodium dodecyl, tetradecyl, and hexadecyl sulfonate were kindly supplied 
by Dr E J Ordal, and the cetyl pyndmium chlonde was obtained from Dr 
Otto Hahn 

Lipase was partially punfied by the method of Click and King (1933) Dried 
pancreas powder (Merck) was extracted with 10 per cent NaCl and precipitated 
several tunes by saturation with MgSO« The fraction soluble in phosphate 
buffer at pH 8 was used This solution was actively lipolytic when tested by 
Sumner and Somers’ (1944) qualitative test employing an emulsion of castor oil 
as the substrate Punfied tiypsm was prepared from pancreatin powder by 
reversible heat denaturation as desenbed by Anson and Mirsky (1933) 


results 

Micrococcus aureus 

Surface hjnds The exploratory' experiments of Dyar and Ordal (1910) 
showed that the electrophoretic mobility of Micrococcus aurcu.^ and some other 
bactena was greater when the cells were suspended m bufTer solutions conhunm. 
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ERioiiic Burface-active agents than when in buffer alone W^ith Micrococcus 
otircus this result was found to be much more marked when the cells were grown 
m aerated glycerol broth than when grown m plam broth Larson and Larson 
(1922) had shown that the total ether-acetone extracts of Micrococcus aureus 
were increased fivefold by growmg the cells m 3 per cent glycerol broth Further- 
more, Oidal and Dyar (unpublished) found that droplets of a hydrocarbon and 
of lipids also acquired a greater negative charge m solutions of anionic surface- 
active agents, piesumably due to solution of the hydrocarbon ends of the surface- 
active molecules m their surface with the negatively charged polar groups 
onented outward These observations led them to suggest that the matenal 
m the cell surface responsible for the mcrease might be hpid The first step m 
the present study was concerned with this possibility 

Evidence for the occurrence of lipid m the surface of cells was sought by com- 
paring the electrophoretic behavior of cells grown m glucose broth with that of 
hpid extracted with alcohol from lyophilized cells of the same culture It seemed 
likely that hpid extracted from cells themselves might come the closest to being 
like that at the cell surface The alcohol extract was concentrated under vacuum 

and extracted with ether An emulsion of hpid droplets was made by forcmg 
the ether solution through a fine h 3 q)odermic needle mto water and bubbling air 
through to expel the solvent The results of the experiment are plotted in 
figure 1 and show that m the presence of the aniomc surface-active agents the 
cells respond electrophoretically much like the lipid The imtial charge m 
buffer solution is not the same because other materials that influence it must be 
present in the bactenal surface However, the character of the mobility-con- 
centration curves in respect to increase m mobility, the concentrations at which 
the increase occurs, and the attainment of a maximum value are very similar 
A striking fact is that the cells are not kiUed by these conditions 

The electrophoretic behavior of a variety of materials treated with surface- 
active agents has been studied by Ordal and Dyar (unpubhshed) They found 
that the negative mobihty of nuneral oil and crystals of sodium tetradecyl sul- 
fonate, like the bactenal hpid, mcreased to a maximum value of 6 4 microns per 
second per volt per centimeter m buffered sodium tetradecyl sulfonate solutions 
On the other hand, the mobihty of surfaces such as egg albumm, cellulose, and 
pyrex remained constant with increasing concentrations of amonic surface- 
active agents in neutral or shghtly alkalme buffers When the pH was adjusted 
closer to its isoelectnc point, the mobihty of egg albumin in amonic surface- 
active agent solutions did increase but did not become greater than the maximum 
negative charge m buffer alone 

To obtam defimte evidence of the electrophoretic behavior of other compounds 
of bactenal ongm, a nucleoprotem and a polysaccharide were mvestigated 
The nucleoprotem was prepared by Dr Willard Schmidt from a ground, acetone 
preparation of Streptococcus s b e Its punty was shown by a single, high ad- 
sorption peak at 2,590 A The mobihty of the nucleoprotem, shown in table 1, 
remains constant like egg albumm at pH 8 m the presence of sodium tetradecyl 
sulfonate WThen the pH was lowered, it mcreased m the sodium tetradecyl 
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sulfonate solutions The mobihty-pH curve of the nucleoprotem had been 
found to level off above pH 6 9, so at pH 8 the maxunum n^iber of negatnc 
groups must have been exposed on the protein surface The increase in ne-atn c 
charge at the lower pH may have resulted from neutralization of some positnc 
polar groups by the negatively charged surface-active molecules 



O 



molar concentrahon of surface-actjve acehts 

Figure 1 Mobility-concentration curves of Mtcrococcus aureus and of lipid extracted 

from Micrococcus, treated with sodium hexadecyl sulfonate • ©, sodium tetradcc>l 

sulfonate O O, and sodium dodecyl sulfonate O O 

TABLE 1 


Mobility of nucleoprotem and dextran tn solutions containing sodium tetradecyl sulfonate 


1 

llOLAfc CONaLHTEAnO Or SODIUM TZTXADtCn 
suiTo iatt: 

0 

SXKf 

lyitr* 

Nucleoprotem, pH 8 

Nucleoprotem, pH 4 

Dextran 

-3 0 
-1 1 

0 0 

1 

-1 0 

0 0 

-3 0 
-2 0 

0 0 


Am. insoluble poij'sacchande was prepared from a culture of Slrcp’ococcus 
s b e grown in sucrose broth as described by hTiven, Kiziuta, and Wlute {1910} 
This polysaccbande was identified chemically b 3 . Nu en cl al and scrologicnlb 
by Hehre and XeiU (1946) as a dextran The electrophoretic remits for the 
dextran are shown m table 1 Like cellulose, it had zero mobilitj m both halier 
and sodium tetradecjl sulfonate solutions Some cells remained cmbcddM in 
the poh saccharide, which fact may account for the trace of nitrogen rcpo'tr-ci 
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by Niven et al in the dextran Other cells which did not remain embedded in 
the capsular matenal had a negative mobihty With Streptococcus s b e , the 
suggestion which has sometimes been made that the bacterial capsule is a modifi- 
cation of the substance of the cell wall does not appear to be likely 
From these results it seems that hpid treated with aniomc surface-active 
agents may indeed be distinguished from other types of surfaces by its electro- 
phoretic behavior It is evident, however, that certam precautions are essential 
m drawmg such a conclusion For example, if amphoteric groups are present, 
the buffer must have a pH such that the negative charge of the surface is maxi- 
mum 

There apparently is lipid at the surface of Micrococcus aureus, so we tried to 
remove it with an enzyme Live cells were exposed to hpase m phosphate buffer 
at pH 8 After treatment, the cells were washed three tunes with buffer, and 
the electrophoretic behavior was determmed These cells were still viable as 
determmed by comparmg plate counts made on a suspension of cells vnth and 
without the enzyme treatment, no difference was found between them The 
electrophoretic results of one such experiment are recorded m table 2, which 

TABLE 2 

Mobility of Micrococcus aureus before and after treatment mth lipase 


MOLAR CONCENTRATION OF SODnJU TETSADECYL SULFONATE 



0 

1 X 10-* 

3 X 10-< 

1 X 10-* 

Control cells 

-3 2 

-3 3 

-3 4 

-3 4 

Cells exposed to lipase for 90 minutes 

-2 9 


-2 9 

-2 9 


shows that the mobihty of cells treated with hpase no longer mcreases m the 
solutions contaimng sodium tetradecyl sulfonate Apparently all detectable 
lipid has been removed 

When cells exposed to hpase were sampled at several time mtervals, a gradual 
change in the mcrease m charge or the amount of lipid was found between the 
control and the treated cells The hpase was effective on both live and heat- 
killed cells, both were still gram-positive after the enzyme treatment To check 
the possibihty that the lipid was not actually removed by the hpase but only 
masked by adsorption of the enzyme, solutions of trypsm and mold amjdase, 
neither of which contamed hpase, were allowed to act on cells Neither altered 
the characteristic mcrease m mobihty m the presence of sodium tetradecyl 
sulfonate 

After a suspension of live cells had been hpase-treated, small amounts of fatty 
acids were recovered by acidifymg the supernatant and extracting with ether 
Approximately 4 mg of fatty acids were recovered from live cells hamng a dry 
weight of 200 mg In contrast, Ballentme and Parpart (1940) concluded that 
pancreatic hpase spht a fatty acid molecule from each phospholipid molecule 
present m the red blood cell surface but did not displace the fatty acids from the 
surface 
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The production of surface lipid, as indicated by the electrophoretic response 
was found to be influenced by growth conditions A barely detectable increiso 
m charge was found for cells grown m peptone yeast e\-tract broth mthout aera- 
lon A slightly greater increase was found for cells grown in this medium mth 
aeration or in 3 per cent glycerol broth with aeration The greatest increase n as 
evident for cells grown with 0 5 per cent glucose and moderate aeration In one 
such culture the cells had a negative mobility of 2 3 microns per second per volt 
per centimeter m buffer, 2 5 m 1 X 10'® m, and 2 7 in 3 X IQ-* and 1 X 10-« m 
sodium tetradecyl sulfonate These cells had lipid in the surface during the 
loganthmic growth, at the peak of the loganthmic growth, and during the death 
phases of the growth cycle When the acids formed by the fermentation of the 
glucose were neutrahzed at frequent mtervals, the mobility of cells in both buffer 
and m sodium tetradecyl sulfonate solutions was 2 4, mdicating that no surface 
hpid was formed under these conditions When such a culture was again per- 
mitted to lower the pH, surface Iipid accumulated 
It is known from the experiments of Smedley-Maclean (1922), Starkey (191G), 
and others that the fat occurnng m yeast cells is veiy incompletely e\tractod by 
ether or even boding alcohol Only after the cell structure is destroyed 
acid hydrolysis is all the fat extractable Anderson and Roberts (1930) showed 
that this is also true of tubercle bacdli, and m a study of Bacillus cercus, which 
we used because of its large size, we obtained parallel results The fatty in- 
clusions and the cytoplasmic membrane of Bacillus cereus were found to stain 
with Sudan black B after both ether and hot alcohol extraction of dried cells, 
although the mtensity of stammg was reduced slightly after each treatment 
Much of the lipid in the cytoplasm and cytoplasmic membrane of cells must be 
linked with other constituents To discover if the same was true of surface 


lipid, cells of Micrococcus aureus grown m glucose broth were lyophilizcd and 
extracted m a Soxhiet apparatus with petroleum ether for 20 hours The 
electrophoretic results of this experiment, m which three of the anionic surface- 
active agents were used as mdicators, are shown m figure 2 Tiie mobility- 
concentration curves for the ether-extracted cells are quite different from the 
dried cell control, as though the surface had been altered by the extraction, but 
apparently the lipid has not been removed The same cells were then extracted 
wuth hot ethyl alcohol for 17 hours These results are also plotted in figure 2 
and mdicate that the hpid is partly removed by this procedure This experi- 
ment suggests that the hpid must be thoroughly bound to the cell surface even 
though it is removed by hpase without altering the viability of the colls 
Surface ampkoleric malenal In the first experiments on Micrococcus aurcui 
It was noted that the mobility of cells poor m surface lipid was rehtivch in- 
dependent of pH, and, conversely, the mobility of cells grown under conditiorw 
favonng surface Iipid changed considerably with pH For example, col •! gro ,n 
m plain broth without aeration migrated wnth a negative mobilit\ ol 2 u 
microns per second per volt per centimeter at pH 8 and 2 28 at pH 4, w 
cells grown m glucose broth mth aeration had a mobility of 2 G'j at pU 8 anU 
only 1 05 at pH 4 How ei cr, cells grown m glucose broth w Inch ; as 1 opt nr u- 
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trahzed had no surface hpid but did change charge with pH Such a culture 
had a mobility of 2 40 at pH 8 and 1 08 at pH 4 Hence, in Mtcrococcu^ aureus 
there is clearly an lomzable, surface component, distmct from the lipid, the 
occurrence of which is dependent on conditions of growth and that can be de- 
tected electrophoreticallj’’ 

Several experiments were planned to discover more about this matenal 
The mobihty-pH cun'e of cells grown m glucose broth is plotted m figure 3 and 
shows that the lonizable matenal is amphotenc with the charge reversed at 
about pH 3 The isoelectric pomt of the amphotenc substance is not neces- 
sarily so low as pH 3 because the presence of other surface matenals of course 



MOLAR CONCENTRATION OF SURFACE-ACTIVE AGENT 
Figure S Mobility-concentration curves of Micrococcus aureus extracted with fat sol- 

TCnts, treated with sodium hexadecyl sulfonate • •, sodium tetradecyl sulfonate 

O O, and sodium dodecyl sulfonate O O 

influences the mobihty m any buffer solution If it were of protem nature, a 
proteolytic enzyme might be expected to remove it Lancefield (1943) found 
that pepsm, tiypsin, and chymotiypsm readily removed the protem M antigen 
from the surface of hvmg, group A, hemolsrtic streptococci 
In the experiment shown m figure 3, live cells of Micrococcus aureus grown m 
glucose broth were exposed for several hours to trypsm solution buffered at pH 
8 and were then washed thoroughly The electrophoretic results show that the 
^niphotenc matenal has been removed by this procedure Removal of the 
^photenc matenal did not expose a greater amount of lipid It was deter- 
nuned, as m the case of hpase treatment, that the enzyme acts on both heat-killed 
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and live ce s, the gram reaction is not altered by the enzyme action and live 
celkare still viable after removal of the amphoteric surface material by trjps.n 
Other surface properttes Other compounds than lipids and amphoL^ 
material probably occur at the surface of M^crococcus aureus too, hut, oumg 
either to quantity or kmd, have not been detected by the methods used In 
to regard it should be noted that JuhaneUe and Wieghard (1934) showed 
tot micrococci may be separated mto two types on the basis of serologically 
different polysacchandes However, it was not possible to differentiate strains 
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Figure S Mobility-pH curves of Micrococcus aureus with and without ttypain trcatmont 


by agglutination, so presumably the specific carbohydrates were not exposed at 
the surface 

As noted m connection with other experiments, the electrophoretic mobility 
both of cells treated wnth tiypsin and hpase and of cells grown in such a way 
as to minimize the formation of amphoteric material and lipid was found to bf* 
little influenced by pH or amomc surface-active agents The mobility-con- 
centration curves with a catiomc surface-active agent were aho found to be 
similar but not umque enough to help identify the composition of thii part of 
the cell membrane or cell wall The indication, from such negative cv idcncc, u 
that It consists of some kmd of carbohj drate, so a comparison to ccllulo ^ and 
the insoluble dextran sv-nthesized by Streptococcus s b c was cspecialli int^rc-it- 
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mg Both the c^ibohvchates hid zeio mobility undei the conditions of these 
expeiimcnts, wheieas the cell siiifnces ha\e a dehmtely negative chaige The3' 
mav be c ii boh^nh ate unlike those, oi othei substances lesponsible foi the nega- 
tive chiigc m ly still be piesent 
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Figure Ij. Cells of Bacillus ccreus Indrohzed with \ HCl at 100 C for (1) 0 (2) 10, (1) 
20, (4) 30, and (5) 40 minutes and stained with i cell wall stain (X 1 500) 


The complexity of compounds such as caibohtdi ites is somewhat propor- 
tional to the intensitj’^ of acid tieatment lequired to hj^droh zc them To deter- 
mine the effect of acid hj^di olj'sis on the cell w all, it w as fii st necessai \ t o hat c i 
cell wall stain capable of leveahng it after such a tieatment Xeitliei Kn n-i’s 
(1941) nor Robinow’s (1945) cell wall stain seemed completeh adaptalilc for 
this pui-pose, so a new one was devised In this stain the tell siiifate is po'-i- 
tively charged bj’’ treatment with a cationic surface-actite agent (cettl p\- 
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ridmium chlonde) and is then stained nith an acid d\e (Congo icd) 'Hk 
details of the pioceduie have been repoited elseuhcie (Diai, 1047) P(.( m., 
of Its size, Bacillus ccreus nas used in norking out (he metliod, whu h v dun 
applied to Micrococcus aureus 

The cell nails of Bacillus cereus, stained b\ this method, woic still douh 
visible after lelativety shoit evposuie to liot atid, bid stained p iloi and p ih r is 
hj’-diolysis pioceeded until onl}^ cell fiagments lemaincd This is illiistiatod in 
figuie 4 by photomieiogiaphs of cells hj^diolj'zed foi 0, 10, 20, 30, nid 10 niin 
utes and then stained nith the cell nail stain Because the staining dopinds 
on the leaction of an acid dj’-e nith a positivch'^ chaiged cell suifacc, the pdei 
stain could result from a less positive chaige atquii ed Iiy the pai tialli In di oh /id 
membiane nhen tieated nith the cationic moidant To check this possihihti, 
the mobility of hydiolyzed cells of Bacillus ccieus (leated with ccti 1 pviidinnini 
chloride nas measured The positive mobility of cells exposed to x IlCl at tin 
temperature of boiling natei foi 0, 10, 20, and 30 minutes and then neiiti ilizi d, 
nashed, and suspended in a buffered 1 X 10"'’ m solution of cet\l p\iidinnim 
chloiide nas, lespectively, 0 5, 1 0, 1 0, and 1 1 micions pei second jici \olt pir 
centimeter Therefoie, the reduced mtensit}' nith nhicli the hjdioh/od lell 
nails stam is not dependent on a lessened positive charge but must icstiK fioiii 
the piogressive removal of the wall 

Cell nails of Micrococcus aureus subjected to this ticatment neic still disc leti 
after 10 minutes, but aftei 12 minutes almost all the cells weic itdiitcd to flag 
ments In this regaid no diffcience nas found between cells gionn so as to hi 
poor in suiface lipid and amphoteric mateiial and those from which tlic^c Mih 
stances had been enzjTOatically lemoved Foi comparison, the s mie tic itini nt 
nas applied to seveial othei bacteria The cell walls of Bacillus mi)roi(Us mid 
Bacillus suhhlis required 30 minutes, Escherichia colt 10 mInIlte^, and spore 
membianes, m contrast, still persisted after seveial hoiiis 

Other Bacteria 

Surface lipids Bacillus cereus and Bacillus mycouks wcic found to lia\( no 
hpid at the surface Micioscopic observation of cells of Bacillus crrnis grown 
in glucose bioth with vigorous aeration levealcd that the tv topi I'-m w i'- (illcil 
with fatty inclusions However, the negative mobilitj of thc'i cclK in both 
buffei solution and m buffer containing 1 X vi sodium tetr tdc tv 1 sulfon m 
was 1 84 microns pei second per v olt per centimeter Odiis icMilt i- vnv dith r 
ent from that obtained with Micrococcus aurrits 

Some of the techniques developed in studvmg '-urfue lipid- of Murooirnr 
aureus were also applied to Mycobacterium srnrymatis It wa^ found tint tla 
«ame concentiations of the thiee anionic Mirface-active igtnt- u-td for Uirro 
coccus aureus did lesult in an increased mobilitv of the itlb of Munibarh nun 
smcgmatis Cultures were grown in broth cont oning I, '), md 10 pir not 
glvcerol At intervals of several dav- the cultiirt- vvert - itnplfd iial th- iMl 
were washed with buffer and su-pended, either a- s,„glf ,rll^ or -m til < 1 uimi> - 
bv drawing the suspension m and out of i^vringt fitted with t Iuk imw / o' 
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mobility of individual cells was rather variable, and the amount of surface hpid 
varied considerably both with the age of the culture and with the amount of 
glyceiol in the medium Under the conditions of this experiment, cell growth 
was greatest m the 5 per cent glycerol broth, and after 9 days these cells were 
the most strongly acid-fast and had the maximum amount of lipid m the surface 
Their negative mobility was 2 3m buffer, 2 6 m 1 X 10"® m, 3 1 m 3 X 10“® m, 
and 2 8 m 1 X 10“'* M sodium tetradecyl sulfonate 

A suspension of cells from a culture grown for 10 days m 5 per cent glycerol 
broth was exposed to lipase for 3 hours The hpid was not d^mished at all 
This would imply that the en 2 yme is meffective on the hpid m Mycobacterium 
smegmalts 

Amphoteric material The mobihty of the different cultures of Mycobacterium 
smegmatis changed with pH, though there was some variation among cultures 
grown for several penods of time or m different media as shown in table 3 Cells 
grown m 5 per cent glycerol broth for 10 days and treated with tr 3 ^sin for 3 
hours had a negative mobihty of 3 2 at pH 8, 2 0 at pH 5, and 0 5 at pH 4 The 
amphoteric portion of the surface of Mycobacterium smegmatis clearly does not 
serve as a substrate for trypsm 


TABLE 3 


Mobility of different cultures of Mycobacterium smegatis at pH 4 ond 8 



pH 8 

pH 4 


5 per cent glycerol, 9 days 

-2 3 

-0 7 


5 per cent glycerol, 12 days 

-3 0 

-0 2 


1 per cent glycerol, 9 days 

-2 7 

0 0 


DISCUSSION AND SUMMARY 

Electrophoretic techmques of characterizmg cell surfaces have been combined 
with chemical and enzymatic treatments to remove parts of the cell surface 
Both hpid and amphoteric material can be detected and removed from the sur- 
face of Micrococcus aureus by treatments which do not kill the cell 
Experiments on known substances showed that hpid droplets have a greater 
Dcgative charge when suspended in neutral or shghtly aUcalme buffer solutions 
contaimng amomc surface-active agents than when m buffer alone On the 
other hand, protems, mcludmg crystalhne egg albumm and a bacterial nucleo- 
protem, carbohydrates, mcludmg cellulose and an msoluble bacterial dextran, 
and morgamc particles do not This distinctive response of lipids has been 
utihzed to detect hpids at the surface of bactenal cells 
It was found with Micrococcus aureus that the increased charge m solutions 
containmg anionic surface-active agents was small when the cells were grown m 
plain broth and much greater when grown m aerated glucose broth The data 
suggest that the magmtude of the mcrease m mobihty may provide a means of 
estimatmg semiquantitatively the amounts of the surface hpid If a surface is 
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100 per cent hpid, it was shown that it attains a maximum negative mobihU of 
6 4 microns per second per volt per centimeter m a buffered sodium tetndccil 
^onate solution In one culture of Micrococcus aureus gronm m glucose broth 
the cells had an imtial mobihty of 2 3, and if they were 100 per cent lipid the 
mobihty would be expected to increase to G 4 Hon ever, it increased to ’onlv 
2 7, which IS 10 per cent of the total possible increase Therefore, it seems 
possible that the lipid may occupy roughly 10 per cent of the surface area 
Usmg the same calculation, cells of Mycobacterium smcgmatis grown m 5 per 
cent glycerol broth for 9 days had an average of about IG per cent of their surface 
occupied by hpid 


Not havmg model surfaces with a known area consisting of lipids, we have been 
unable to test this hypothesis, but it is at least useful for relative comparisons 
The 10 per cent estimated by this method is the greatest amount that cells of 
Micrococcus aureus have been mduced to form The surface lipid was not seen 
microscopically when cells were suspended in a saturated ethylene glycol solu- 
tion of Sudan black B, but it may be distributed m such a way as to bo below 
the resolving power of the microscope 

The amount of hpid m the surface of cells of both Micrococcus aureus and 
Mycobacterium smeymatis can be altered at will, within limits, by varying the 
conditions of growth Other bactena such as some bacilli do not produce sur- 
face hpids even though the cytoplasm is full of fat Much of the hpid is removed 
from the surface of Micrococcus aureus by extraction mth hot alcohol but not 
by prolonged extraction with ether 

The surface hpid can be removed from Micrococcus aureus by lipase without 
kilhng the cells, and small amounts of fatty acids may be recovered from the 
supernatant after the lipase treatment The action of pancreatic lipase is not 
specific enough to identify the hpid However, after being treated with tiypain, 
cells still have surface hpid but their charge does not change wnth pll This 
mdicates that lomzable polar groups, such as occur in fattj acids and phospho- 
hpids, are either not free or not onented outward 
Pancreatic lipase does not remove lipids from the surface of Mycobarlrrjum 
smegmatis This clearly shows that the surface lipid of Mycobacterium smcgmatis 
IS not like that of Micrococcus aureus This might have been predicted from the 
extensive work of Anderson (1941, etc ) and his associates who ha^e shown that 
the lipids extracted from cells of mycobacteria are of unusual and complex types 
It IS mterestmg to note that Kelsey (1939) found castor bean lipase to be ineffec- 
tive on cholesterol esters under the same conditions that neutral fat was quanti- 
tatively h>drolyzed The lipids that occur at the surface of Mycobar'rnum 
smegmatis may be such combmations as esters of the higher alcohols, w lercas 
those of Micrococcus aureus are probably much simpler 

Amphotenc material m the surface of Micrococcus aureus, distinct rom 1 1 ' 
hpid, w as detected by change in mobility with pH Like the Iipicl, its occiirrra''e 
depends on the growth conditions, and it can be remoicd from Ining cc s i; 
treatment with tij-psin To-psm is active on rather a vnde group of sub traH 
mcludmg polypeptides and many proteins, so the use of this cnr.m'' c a u us 
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the amphotenc matenal only into this rather wide range of substances It is 
possible that the use of other proteinases or peptidases might restnct this range 
Trypsm was not effective in removmg the polar groups at the surface of cells of 
Mycobaclmum smegmatis Clearly this amphotenc matenal is not among the 
substrates that trypsin is capable of attacking 
Some of the properties of the cell surface of Micrococcus aureus remauung after 
hpase and tiypsm treatment were detenmned They mdicate that it may be 
of carbohydrate nature, but the methods have not been extended far enough to 
detect compounds such as carbohydrates with certamty The intensity of acid 
hydrolysis necessary completely to break down the cell wall of several bactena 
was determined 
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